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I, H2RQDT?D5ICB 
In ths straggles of this nuclear age the ware are waged la the 
areas of military and domestic production as well as on battlefronts 
and ideological fronts. Both military and domestic production demand 
ever increasing efficiency of new and of conventional processes to 
produce ever increasing quantities of new and of conventional materials 
(l). Many chemical and metallurgical processes have increased operating 
temperatures to improve reaction rates and gain in thermodynamic 
efficiency. These higher temperatures require new or improved materials 
to withstand the destructive forces of corrosive chemicals and higher 
temperatures. Thssa materials are called refractories. 
The demand for finer refractories has continued apace with 
industrial development (2). Shis change and improvement in refractories 
for the production of cast iron has grown during the political life 
of the United States of America. The first refractories for the 
production of cast iron from a blast furnace were natural sandstone 
"blocks which are believed to have been imported from England. The 
traditional materials for more than a century have been fireclay 
refractories. Such improvements have been made in fireclay refractories 
that blast furnace campaigns of more than five years and producing 
millions of tons of iron have become possible. Hew and better furnace 
designs await only new and better refractories, and in the last ten 
years carbon blocks have replaced fireclay in the bosh and upper hearth 
area. Further improvements will undoubtedly be made. 
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We cannot foresee the changes in metallurgy beyond the next few 
obvious steps. The processes used to make metallurgical products ten 
years from not? may not exist today. One prediction we can make with 
confidence; industrial temperatures will rise and better refractories 
will be required. 
In recent years much progress has been made in the development 
of pure materials! oxides, carbides, silicides, nitrides, etc. These 
can be sintered and used without the presence of a liquid phase at 
service temperatures. This is a notable step forward. As temperatures 
increase further many of these new materials will be faced with 
temperatures high enough to cause the presence of some liquid phase. 
Fireclay refractories contain a liquid phase at most furnace 
operating temperatures. Yet they have been used with excellent success. 
For the new refractories with a liquid phase we can learn much from 
the properties of the old fireclay refractories - which have done so 
well, yet contained a liquid phase. One way to study the fireclay 
refractory is to study the relationship between the composition and 
properties of the liquid and crystalline phases and the load bearing 
capacity of the refractory. One way to improve the resistance to 
solution of a refractory by corrosive slags is to reduce its porosity, 
1. @,$ increase its bulk density. This change could be obtained by 
pressing in the pyroplastic condition. 
3 
II. STATEMSHT OF TH3 PROBLEM 
The general problem is to study the deformation properties of 
the alumina-silica system at elevated temperatures and pressures with 
special emphasis on hot pressing to produce a dense final refractory. 
The choice of compositions of the alumina?-silica system has been 
affected by the writer8s desire to produce practical results from 
commercially available materials. This consideration made it desirable 
to study flint fireclay which is used to produce super duty fire brick, 
and plastic fireclay which is used to produce high duty refractories. 
To correlate results with the alumina-silica phase diagram the purest 
commercially available materials capable of being used over a range 
of alumina and silica contents was studied. 
In consideration of the above factors the specific problem is: 
Study the deformation properties during hot pressing at incandescent 
temperatures of three relatively pure alumina-silicates with a range 
of 20$, 40$ and 60$ alumina and of two fireclays in terms of their 
composition and physical properties by varying the experimental 
conditions of pressure and temperature. 
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III. EE VIEW 01 LITERATURE 
The subject is broad in scope. The review of literature has 
been subdivided into areas to facilitate the organisation and clarity 
of the presentation. 
A. Phase Relationships 
Prior to 1924 the mineral mullite, AlgSigO^  was confused with 
the natural mineral sillimanite, AlgSiO^ . Mullite is the form always 
present in fired alumina-silica products (3)• It occurs rarely in 
nature, but was named for a deposit on the Island of Mull. The confusion 
of the two was the result of the similarity in shape, habit, refractive 
indices and X-ray patterns of the two minerals. For example, the indices 
of refraction are 1.659 and 1.680 for sillimanite, but are 1.642 and 
1.654 for mullite (4). The indices of refraction of mullite can increase 
to overlap those of sillimanite by solid solution of iron and titania (5). 
causing the differentiation between mullite and sillimanite with a 
pétrographie microscope to be almost impossible. Bowen and G-reig (3) 
not only discovered the true composition of mullite but determined 
the shape of the aluaina-siliea phase diagram as shown in Figure 1. 
Minor changes in the phase diagram were made by other- investigators 
(6), as well as the changes resulting from the adoption of a new 
International Temperature Scale in 1948. Two major revisions which 
have been proposed are also shown in Figure 1. These revisions are: 
the diagram of Toropov and Galakhov (7) which shows mullite as a 
congruent melting compound, and the diagram of Tromel et al. (S) 
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which shows mullite as an incongruent melting compound which permits 
solid solution of silica and alumina "below the peritectic temperature» 
Toropov and Galakhov surmised that silica had volatilized from Bowen and 
Greig*s samples and caused mullite to appear to melt incongruently. 
Toropov and Galakhov cited the grovrfch of single mullite crystals "by the 
Yeraeuil process "by Bauer, et al. (9) to confirm congruent melting of 
mullite. 
Tromel et al. (S) were able to duplicate the work of both Bowen 
and Greig and Toropov and Galakhov. They show that the presence of 
extremely small amounts of impurities (less than 0.2$ NagO) will cause 
mullite to decompose to corundum and liquid. Tromel et al. suggest 
that the rapid heating of Toropov and Galakhov results in a metaetable 
congruent melting of mullite, and that slow heating results in the 
incongruent melting of Bowen and Greig. This view is somewhat confirmed 
by the paper of 7on Neuhaus and Eichartz (10) which reports that 
Temeuil single crystals of mullite can be grown only if there is a 
sharp temperature gradient in the furnace. With a gradual temperature 
gradiant a mixture of mullite and corundum resulted. 
From the diagram in Figure 1 the only stable crystalline compound 
of alumina and silica at elevated temperatures is mullite. Above about 
1569° C. with alumina contents between ~j$ and the composition of an 
alumina-silica refractory will be smllite and a liquid phase. The 
liquid phase may become a glass on cooling, may become a mixture of 
crystals and glass or may crystallise completely. Crystallization 
Figure la. Alumina-silica equili'brum diagram of Bowen and Greig 
showing nullité as a compound which melts incongruently. 
Figure lt>. Alumina-silica equilibrium diagram of Toropov and Galakhov 
which shows mullite as a compound which melts congruently. 
Figure 1c. Alumina-silica equilibrium diagram of Tr-orasl et al. which 
shows mullite as a compound of variable composition which 
melts incongrueatly. 
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of a glass is kno«n as devitrification. The tendency to devitrify Is 
governed by composition, liquidas température, and cooling rate (11, 
pp. 23-31). 
Fireclay refractory brick are never composed of pure silica and 
alumina compounds but always contain some impurities. The presence 
of other impurities increases the quantity of liquid phase at high 
temperatures. The better fireclays contain a minimum of impurities. 
Impurity concentration varies with the geologic age, parent rock and 
deposition conditions of the clays, ifypical impurity concentrations 
of fireclays from various locations in the United States are given 
in Table 1 after Horton (l, p. 42). 
Table 1. Analyses of fireclays in weight percent 
Plastic Flint Flint Semi-flint Semi-flint Plastic Flint 
Lawrence, Cambria, Carter, Jackson, Clearfield Vinton Montgomery, 
Ohio Pa. By. Ohio Pa. Ohio Mo. 
Si°2 58.10 44.43 44.7s 50.32 43.04 46.72 44.04 
a12°3 23.11 37.10 35.11 31.53 36.49 33.06 38.03 
FegO^ 1.73 0.46 1.18 1.02 1.37 0.68 0.63 
FeO 0.68 0.55 0.74 0.35 0.83 0.55 0.22 
FeSg 0.55 0.22 0.14 0.12 0.24 0.34 0.01 
X-ïgw 1.01 0.19 0.55 0.12 O.54 0.19 0.12 
CaO 0.79 0.60 0.77 0.80 0.74 0.61 0.40 
BagO 0.34 0.10 0.29 0.17 0.46 0.42 0.10 
e 1.90 0.55 0.44 0.05 1.10 1.53 0.22 
H20 2.27 0.80 0.84 2.47 0.82 2.21 0.78 
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Table 1. (Continued) 
Plastic 
Lawrence, 
Ohio 
Flint 
Cambria, 
Pa. 
Flint 
Carter, 
Ky. 
Semi-flint 
Jackson, 
Ohio 
Semi-flint Plastic Flint 
Clearfield Vinton Montgomery, 
Pa. Ohio Mo. 
H20 4- 7.95 12.95 13.07 11.25 12.44 11.50 13-55 
co2 0.05 0.11 0.17 0.14 0.05 0.02 0.04 
Ti02 l.4o 1.84 2.22 1.45 1.79 2.20 1.82 
% 0.17 0.21 0.02 0.4S 0.10 0.12 0.28 
SOj 0.03 0.01 0.01 0.01 0.01 0.01 0.01 
I-InO 0.01 0.01 0.02 0.02 0.01 0.01 0.01 
Zr02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Org. C 0.22 0.10 0.11 0.07 0.22 o.o4 0.01 
Org. H 0.03 0.03 
Because fireclay refractories have no definate melting point "but 
start to soften as much as 1200° C. "below their ultimate complete fusion, 
pyrometric cones are often used to measure the relative refractoriness 
(l. pp, 3^ 7-356). The sample to "be measured is formed into a trigonal 
prism and the deformation on heating is compared with that of standard 
cones of known composition. Because the solution of crystals in the 
alumina-silica system is slow, the determination of the pyrometric cone 
equivalent (P.C.S.) requires precise control of "both heating rate and 
maximum temperature. Pyrometric cones are numbered consecutively from 
low to high temperature. Definite temperature endpoints for each cone 
are established for the proper heating rate. 
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Many authors (12-17) have studied the formation of mullite from 
clay or from altssina and silica without additions to speed the reaction. 
Some doubt exists as to the lowest temperature at which mullite forms, 
and whether a spinel or gamma alumina forms prior to mollitization. 
Many attempts have "been made to systemiae the effects of various 
Impurities on the formation of nullité such as those of Moore and 
Prasad (18). In general liquid phase promoters such as "boric oxide, 
alkalies and alkaline earths increase mullitization at low temperatures 
and transition element oxides such as titania are less effective. At 
high temperatures alkalies cause the milite to disproportionate into 
liquid and corundum. There is much conflicting information among the 
references listed "by Moore and Prasad., "but the transition elements 
which can proxy for Si"^"^ or Al~^ seem to promote mullitization at 
the higher temperature. 
Ternary equilibrium diagrams of silica and alumina with Z, 5a, 
Ca, Mg and other elements have been known for many years (19, 20). 
Unfortunately; the area near the mullite composition may not be reliable 
as indicated by the article by Aramaki and Hoy (21). JSO diagram is 
available for more than one oxide addition to alumina and silica of 
fireclay proportions. 
B„ Structure of Mullite 
The structure of mullite and its formation from alumina-silica 
raw materials such as kaolinite has received much study since the 
discovery of the mineral as distinct from sillimanite. Yst both the 
11 
crystal structure and the formation from the clay minerals is rot 
completely understood. The generally accepted crystalline structure 
was described first by Taylor (22), Taylor considers mullite to be 
a modification, a defect structure, of sillimanite. This modification 
consists of the substitution of four-coordinated aluminum ions for 
silicon ions in certain positions betvreen chains of octahedrally 
coordinated aluminum ions parallel to the C axis. Combining four 
unit cells of sillimanite results in one unit cell of mullite with 
symmetry almost identical. The structure of mullite remains unusual 
among minerals, having 63 atoms per unit cell. The lattice constants 
given by Taylor are: a - 7-5 b = 7-7 and c = 2.9 &. 
Sholze (23) recently studied mullite and sillimanite by X-ray 
diffraction. Rotation diagrams around the G axis were interpreted 
to show that a defect structure exists, based on diffuse reflections 
at l/6, 3/6 and 5/6 of the primary C axis reflections of 2.878 X. 
Other forms of mullite other than the usual needles have been 
reported. Halm (24) found that the eutectic composition produced 
an unusual globular form of mullite if the temperature was cycled 
above and below the liquidus temperature for a long period of time. 
Rooksby and Partridge (25) distinguished two additional forme of mullite. 
Thece wore called beta and gamma mullite to distinguish them from the 
usual alpha mullite. Alpha mullite was formed from pure materials. 
Beta mullite contained excess alumina to a limit cf 78^  alumina and 
the composition 2 AlgCy - SiO^ . Gamma mullite contained small 
quantities of Fe_0„ and TiO„ in solid solution. 
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Shears and .Archibald (26) eonf ira the existasse of sillits of 
composition 2 ilgO? » SiOg. They propose a revision of the phase 
diagram to show a gap at the mullite composition ranging from 3 AlgO^  
• 2 SiOg to 2 AlgOj * SiOg. They also criticise referring to three 
types of milite as alpha e beta and gamma on the grounds that they 
are not separate crystalline forms "but solid solution modifications 
of a single crystalline form. 
Becently igrell and Smith (27) published their measurements of 
lattice constants of twenty-four different mollîtes. They also included 
chemical and optical data. She authors conclude that mollit® can 
exist in a range of solid solutions from 3 AlgO^  6 2 SiOg : 2 AlgOj 
• SiOg : 3(il0.^reo#i)g03 • 2 SiOg. The higher Fe or A1 contents 
cause changes in lattice parameters and refractive indices. Mullite 
differs from sillimanite in that for each il replacing Si, two oxygens 
are replaced by 1.5 ozygens. Thus the unit cell is Al^ gSigO^  and 
the calculated density is 3*16 grams per cubic centimeter for the 
measured lattice parameters. Experimental densities are also 3=16 
grass per cubic centimeter. Oscillatory X-ray photographs of single 
crystals of mollite give some subsidiary sharp reflections instead 
of the usual subsidiary diffuse reflections. These are interpreted 
to be due to preferred orientation of the solid solutions which are 
sensitive to both composition and thermal history, analogous to the 
similar behavior of the plagioclase feldspar solid solution series. 
C. Determination of Crystalline and Glass Composition and Quantity 
Because of the importance of mullite content on such properties 
as strength, refractoriness and resistance to load at elevated 
temperatures, the determination of the quantity of mullite present 
is desirable. The first established method of estimating mullite 
content of ai uminar-silica ceramics was that of Hieke and Schade (28). 
This method was based on the high solubility of the free silica and 
the glassy portion of the ceramic and the relative insolubility of 
the mullite when treated with aqueous hydrofluoric acid. Optimum 
conditions were considered by Hieke and Schade to be 20$ hydrofluoric 
acid at 18° C. for 18 hours on minus 100 plus 120 mesh material. 
Maay others (29) have used this method, sometimes slightly altered, 
and the method was well established for quality control and 
specification purposes on the European Continent. This was true 
despite the fact that Yoshioka and Isomatsu (30), in the same year 
that Rieke and Schade developed their test, showed that the mullite 
was not completely insoluble and that lower temperatures produced 
less solution of mullite and, therefore, less error. 
Recently Ebncpicky and Echler studied the conditions of optimum 
separation of mullite from fire brick with hydrofluoric acid (31). 
A modified Rieke and Schade method was adopted in which 40/l hydrofluoric 
acid at 0° C. was used. This is the same as that originally recommended 
by Yoshioka and Isomatsu. A correction for the error caused by solution 
of part of the mullite was found. 
1% 
fhe first published record of the use of qysBtit-ative X=rsy 
diffraction to de termine the mullite content of fire "brick is an 
article "by Earvsy and Birch (32) in 1936. fhey found that the smllite 
content of a super duty fire "brick was about $0^  for the range of 
cone 11 to cone IS. 
However, Havias (33) studied the milite content of several 
"ball clays in 1925 by more precise techniques than the later work 
of Harvey and Birch. Havias claimd that the quantitative estimates 
from X-ray diffraction patterns checked with the theoretical estimates 
"based upon the chemical composition and the alumina-silica equilibrium 
diagram. 
Further X-ray diffraction estimates to improve the precision 
have been conducted by Moore and Prasad (IS), by DeKeyser and Dequeldre 
(3*0 , by Hans son (35) and by Kbnopick^ and Kohler (31). These authors 
esphaaise the rapidity and higher accuracy of this method as compared 
to the hydrofluoric acid method. At best, however, the quantitative 
X-ray diffraction is limited to the accuracy of the equipment for 
measuring intensities and the vagaries of sasrple preparation. 
Slug and Alexander (36, p. 429) have estimated the accuracy of 
X-ray quantitative analysis using the internal standard technique 
to be 44.0^  of the true asouat present for 95p of the samples. 
She determination of the quantity and composition of the glassy 
phase is even more difficult than that of determining the quantity 
sad composition of the crystalline phase. Morey (37) has discussed 
the importance of the glassy phase in determining such properties as 
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hot-load strength, mechanical strength, resistance to thermal shock, 
resistance to slag attack, etc» He points out that the real determinant 
of these properties at high temperatures is the quantity and properties 
of the liquid phase. However, even the accurate determination of the 
quantity of the crystalline phase at- softening temperature is extremely 
difficult. 
Most experimenters have attempted to find the quantity of the 
glassy phase of quenched samples at room temperature. One of the 
earliest methods was to determine the composition and quantity of 
the mullite by hydrofluoric acid solution of the glassy matrix, and 
to determine the composition and quantity of the glass by difference 
between the total weight and total composition. This method was used 
by Hieke and Schade (28) in 1930. As recently as 1956 Konopicky and 
Kohler (31) recommended a modified hydrofluoric acid solution method 
with appropriate corrections for errors to be used in determining 
the quantity of mullite and glass. 
Hansson (35) was able to separate finely ground powders of mullite 
and glass with heavy-liquid separation techniques if the mullite was 
well crystallised. Bromoform and iodoform were used to float the glass 
and sink the mullite. Densities are 2.95 r 3.35, and 3-15 for bromoform, 
iodoform and mullite respectively. Fitzpatrick (38) attempted the 
same type of separation with tetrabromo ethane and acetone with 
fireclays and kaolins fired at commercial temperatures. He found 
that the mullite was not coarse enough to be separated with the heavy 
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liquid. If the powder vas ground fine enough to free the mullite, 
vetting and surface effects prevented separation» 
Fitzpatrick (38) also attempted flotation techniques "but was not 
successful in separating the mullite and glass. 
Birch (39) proposed the use of a high temperature centrifuge to 
remove the glassy phase from refractories. He reports results of 
unsuccessful attempts to remove the liquid phase at temperature "by 
absorption into a porous media or by draining onto platinum foil by 
gravity. He demonstrated that a liquid of 1,000 poises could be 
removed from the open pores of a brick by centrifuging. Derge and 
Shegog (UO) were able to remove a fluid slag from a silica brick by 
centrifuging in a heated graphite capsule. This did not, however, 
remove the viscous liquid phase which gave the brick rigidity. 
The most successful method of estimating the glass quantity and 
composition at room temperature seems to be determining the crystalline 
— quantity by X-ray diffraction, determining the crystalline chemical 
analysis by wet chemical methods on the hydrofluoric acid residue 
and determining the glass quantity and composition by difference. 
This technique was used by Konopicky (4l). 
D. Plastic Deformation of Refractories at High Temperatures 
Konopicky (4l) has attempted to calculate the effect of chemical 
composition of fireclay refractories from the AlgOj*SiOg phase 
diagram. This included the quantity and properties of solid and 
liquid phases and the effect of alkalies and alumina on deformation. 
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Many authors (42, , 44) have studied the effect of impurities 
on softening. General results are that alkalies greatly increase 
softening at the operating temperature; alkaline earths, ferrous iron 
and similar "bases are next in softening effect; and transition elements 
such as ferric iron, titania and chrome cause least softening. Higher 
alumina content generally results in greater resistance to softening 
at high temperatures (45). 
Partridge (46) studied the creep of refractory materials. He 
concluded that most refractories are crystals set in a glassy matrix. 
He found that such refractories do not creep in the same way that 
metals do, "but that they flow. Alumina-silica refractories were 
found to flow in an exponential function of temperature governed "by 
the viscosity of the glassy matrix. 
Measurement of deformation characteristics of alumina-silica 
refractories are usually called hot-load tests. Two general types 
of tests are used. One is the measurement of the change in the loaded 
dimension after a specified time at a particular test temperature 
as is used for fireclay "brick (4y). The other is measuring the 
temperature at which a given amount of deformation occurs when heated 
at a specified rate as is used for silica and "basic "brick (4/). 
Refractories of industrial furnaces are seldom expected to carry 
heavy loads. Therefore, the test is usually conducted at compressive 
stresses of 25 or $0 pounds per square inch. In special tests the 
temperature is sometimes held for a relatively long time (48). 
IS 
Representative fireclay refractories were found to continue to deform 
at a constant rate after initially higher rates for the first few hours. 
Brown and Sosman (%$) studied the variables in the hot-load test. 
They concluded that the deformation of alumina-silica brick from 
2100° F. to 2500° F. is an exponential function of temperature, and 
that the flow up to 24 hours fits the equation for glass. At constant 
temperature deformation is proportional to the load for the range 
15 to 40 pounds per square inch. 
Because alumina-s ilica brick soften at temperatures as low as 
2100° F., it is natural to inquire how much deformation might occur 
at higher pressures than are usually encountered in service. Some 
of the most sophisticated work of this nature seems to be that of 
investigators of sintering mechanisms (50, 51)• Unfortunately most 
of the equations for sintering under pressure are not intended to 
apply where a liquid phase is present. Although the equation of 
Shuttieworth and Mackenzie (50) is complicated for sintering under 
pressure, Murray et al. (51) were able to show that the rate of 
compaction due to pressure could be expressed in the simple equation, 
neglecting the sintering forces other than that due to external 
pressure; 
d3 - 3/4 P(l-D) 
dt n 
where D = relative density - bulk density 
true density 
? - Pressure 
n » viscosity 
t = time 
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Integration of the equation gives the result? 
ln(l-E) = (3/lfe.yt- 0 
C can he evaluated "because at t = 0, 1-D = 1-D0 where DQ is the initial 
relative density. Therefore: 
where v = void fraction at time, t and v0 = void fraction at time, o. 
This equation indicates that the rate of reduction in void fraction 
for a given pressure, P, is controlled "by the viscosity. 
Vasilos (52) has applied this equation to the sintering of 
silica glass under pressures from 1,000 to 2,500 pounds per square 
inch. He found that at 1100° C., 1150° C. and 1200° C. the equation 
correctly predicted the compaction rate, regardless of the particle 
size of the silica glass. The slope, ; of a linear plot of 
In( 1-D) against time permitted estimation of the viscosity of the 
glass. This checked well with the values found by the fiber elongation 
method. 
clays in the thirties. They produced dense products by using a screw 
to apply load to refractory brick in a heated furnace. The Shaws 
also repressed with a roller similar to hot rolling of metals. Two 
U. S. patents were granted to the Shaws and their sponsor (54, 55). 
At Iowa State University in 1939 Harmon (56) pressed Iowa building 
brick clays and. loess with a rapid-action toggle press in cold metal 
molds. 
Shaw and Shaw (53) were successful in hot pressing building brick 
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Fask (57) studied the hot pressing of fiae pure alpha slusina 
mixed with sodius silicate glass. He found that mixtures of minus 
325 Bssh alpha aluBina and MagSigG^ did not shrink on firing to 
temperatures below 1375° G» because aepkelite formed at the contact 
points. The pure glass began to shrink at S00° G„ Mixtures of silica 
and HagSigOjj also began to shrink at 800° C. Pask concluded that for 
normal packing of spheres of the same dimension the glass content mast 
he about 50$ to obtain zero porosity. Hot pressing the alpha alumina 
glass mixtures produced dens if i eat ion by breaking the bridges. 
E. Theory of Structure and Viscosity of Glasses 
There are two general vitreous state theories: (a) glass is a 
liquid of high viscosity which is completely non crystalline and which 
is mads up of a three dimensional network of small polyhedral and (b) 
glass is an aggregate of extremely small crystals, so small as to appear 
asiorphoua and to he 8issperfeetB crystals. The latter theory has been 
most strongly advanced by the Buselan school (58). These existing 
theories most explain the formation of glasses in the alumina-silica 
system and should explain the properties of the liquid phase at high 
temperatures. 
According to Hauth, 2aehariasen advanced the network theory 
(59). He considered glasses to be made up of building units of small 
polyhedrons bonded together in random array in a three dimensional 
networks The only difference between a pure oxide glass and the 
corresponding crystal is the pattern of bonding the polyhedrons. 
For example, silica glass is a random array of SiO^ tetrahedrons, 
whereas cristobalite is an ordered array of S10^=^ tetrahedrons. 
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2achariasen gave the following roles foe determining whether or not 
a glass could "be forssds 
1. She anion can not "be linked to more than tvo glass 
feraiag cations. 
2„ She amaber of anions about each glass forming cation 
mst "be SBall. 
3. She anion polyhedra in ths network share corners, not 
faces or edges. 
4. At least three corners of each network polyhedron grast 
he shared. 
Actually, many glasses are formed which do not contain polyhedra. 
The organic glasses such as sucrose and polymethylmethacryolate, and 
the elemental glasses each as selenium and sulfur have no polyhedron 
bonding units. According to Weyl (60), a high viscosity of 10"^ to 
poises at the salting point makes possible the "freezing in" of 
aajor liquid structure and the formation of a glass. In order to 
hare this high viscosity the presence of long tangled organic chains, 
atoms polymerised into rings, chains or networks, or polyhedra with 
shared anions all seem to contribute to the high viscosity necessary 
for glass formation» Thus Moray (11, p. 28) defines glass as: Kan 
inorganic substance ia a eo&cllfcioa which is continuous with, and 
analogous to, the liquid state of that substance, but which, as ths 
result of a reversible change in viscosity during cooling, has attained 
so high a degree of viscosity as to be for all practical purposes 
rigido. 
The viscosity of glass is an important property for its formation. 
The viscosity of the liquid or glassy phase of an ainsina-silica 
22 
refractory is an important factor in the deformation properties. 
Although the viscosity of the "bond is unknown it is certain to "be 
analogous to other silicate glasses. Commercial silicate glasses 
vary widely in composition. Many common glasses are soda-lime glasses. 
A typical composition such as 12f$ HagO, 12g$ CaO, 75$ SiOg may vary 
in viscosity from 10^  poises at 1500° C. to 10^ 5 poises at 500° 0. 
Robinson and Peterson (6l) applied the emperical equation, log 
viscosity = A -f- B , to sixteen commercial glasses and found 
I-To 
it fitted the experimental data within 0.5$ for the range 10^  to 
10^  poises. In the equation T is absolute temperature and A, B 
and T0 are experimentally determined constants» 
According to Weyl (60), theoretical attempts to predict glass 
viscosities have not been successful. He attributes this failure 
to finding a suitable theoretical formula to the wide range of 
temperatures (500° C. to 1500° C=) involved and suggests changes 
in the several important parameters. These probably give rise to 
changes in the activation energy. 
The parameters which Weyl believes to be important are: 
1. Anion to network forming cation ratio, 
This parameter determines the extent to which the 
polyhedra share corners. Thus in silicate glasses 
the viscosity is inversely proportional to the 0:Si 
ratio. This ratio varies with composition. 
2„ Binding forces within the polyhedra, 
The strength of these binding forces and the way 
in which they vary with temperature and time determine 
the viscosity. 
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3. Polarizability of ions and 
Increasing polarizability lowers viscosity "by permitting 
adjustment in She force field of the ion. 
4. Cation size. 
Cations with high charges require more anions for 
screening as size increases. This increases the number 
of "bonds broken in flow and causes increased viscosity. 
An emperical method which is successful to show the temperature 
dependence of silicate glass viscosities was developed by Poole (62). 
When the logarithm of viscosity is plotted against 1_, where T is 
T 
the absolute temperature, the resulting line is not straight over 
wide temperature ranges. If the arc hyperbolic sine of the logarithm 
of viscosity is plotted against 1, a straight line which goes to zero 
¥ 
at the origin results for many silicate glasses. This is because 
the hyperbolic sine is zero between 0 and 1 and exponential above 
about 3. The linear relationship is emperical but convenient, because 
only one point need be determined. The straight line can then be 
drawn through the origin. Poole reports precision always within 
5$ and often within 1$ for container glasses over the range of 
viscosity of 10^  to 10x^  poises. 
The reversible change in viscosity of a glass which occurs on 
cooling results in its transition from a liquid to an amorphous solid. 
At room temperature silicate glasses are truly elastic under all but 
extremely rare conditions. (Indentation hardness tests of very small 
areas give some evidence of plastic flow.) When heated to near the 
strain point, at which the viscosity is 10-^ .5 poises, the silicate 
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glasses become viscoelastic. True elastic deformation results on 
application of a load, "but this is followed by time dependent viscous 
flow. 
Tobolsky (63) presents the Maxwell model of viscoelasticity in 
which the deformation of the viscoelastic body is the sum of that 
due to Hooke's law and Newton1 s law; 
_ ÉfL ~ i. ÉÉ. 4™ 3_-
dt G dt rG 
where s is shear strain, f is shear stress, t is time, G- is the shear 
modulus and V is an arbitrary relaxation time. From this equation 
the viscosity, for long time deformation in which the first term 
on the right side can be neglected, can be seen to be equal to TGr. 
Tobolsky states that all liquids have elastic behavior and are 
viscoelastic, but that most common liquids have such short relaxation 
times that their elastic behavior is not observed. 
The theory of viscoelastic deformation of organic polymers is 
well developed (64). In many cases the viscoelastic behavior contains 
more than one molecular structural unit in motion. Bach unit will 
have its own relaxation time and a relaxation spectrum will occur. 
See and Spring (65) developed a relaxation theory based on 
transport phenomena which they have been able to fit to experimental 
date of many systems. This formula is: 
"h = 2 ) 
"" ÂS 
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where Xn is the fractional area of the shear surface occupied, by the 
nth molecular structural unit, fn is the stress acting on the unit, 
ft is the relaxation time, is approximately equal to the volume 
of the unit divided "by twice the mean energy available to the oxcillator 
at the peak of the activation "barrier and S is the strain rate. 
This is based upon the general concepts of activation energy 
of transport phenomena. It does not have a physical model of glass 
structure as its basis. If such a physical model could be devised 
then the emperical hyperbolic sine plot of Poole might be shown to 
be in accord with the hyperbolic sine function of Bee and Eyring. 
F. Esperimental Measurement of Glass Viscosity 
According to Morey (ll, pp. 133-136) the measurement of the 
viscosity of conventional glasses is made difficult by the high 
temperature, the corrosive nature of glasses and the great range 
of viscosity encountered. The rotating cylinder method is suitable 
for a range of viscosities of 10? to 10^  poises. The glass is placed 
between two concentric cylinders, one cylinder is turned at a known 
rate and the torque transmitted to the other is measured. The same 
Cf 
apparatus can be used to 10 poises as an oscillating pendulum 
viscosimeter in which one cylinder is rotated through an angle of 
about 30°, is released and the time required to return to the original 
position is measured. 
Glass viscosity measurement devices must be constructed from 
materials which will not react with the glass. The concentric cylinder 
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apparatus is usually constructed of platinum, when so constructed 
it can "be used to about l400° Ce 
In the viscosity range in mien the concentric cylinder method 
is used the measurement suffers from the fact that devitrification 
often occurs. This vitiates the measurements and changes the composition 
of the remaining glass. 
Viscosities of 10^  to 10^  poises can be measured by the fiber 
elongation method. Using this method fibers of 0.50 to O.JO mm. 
in diameter and 23.5 cm. in length are loaded with 0.0, 0.l4, 0.$4, 
14, 100, 500, or 1,000 grams to cover the range of 10® to 10^  poises. 
She rate of elongation and the temperature mat be accurately measured. 
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IV. 3X?EaiHEaîîAL HvESïlG-ÂHOïl 
A. The Hot Press Process 
1. Selection of bot pressing method 
Other investigators (53-56) have hot pressed clays in the form 
of a loose aggregate and in the form of pre-formed "blocks. Either 
form could be used as a practical method. The use of a rotary kiln 
to preheat a loose aggregate followed by pressing in metal or graphite 
molds would be satisfactory, if a suitable method of filling the 
molds could be devised. The filling device must not cool the aggregate. 
Therefore, it must operate at the preheating temperature. This poses 
a difficult but not unsurmountable refractory problem. The pressing 
of pre-formed blocks is much easier to arrange. Placing the blocks 
in the mold can be accomplished manually with tongs. Pre-formed 
blocks can be pressed without the construction of elaborate and 
costly mold filling means. 
Refractory metals, graphite, cermets, refractory carbides and 
refractory oxides have been proposed for the construction of molds 
for hot pressing with ths mold at the pressing temperature. Refractory 
metals and cermets are. in general. extremely expensive. Graphite 
has fair strength and is inexpensive, but has poor abrasion resistance. 
Dense refractory oxides and carbides are expensive, difficult to 
machine and have a high coefficient of friction. 
Some of the early experiments on building brick clays were 
conducted in ordinary steel molds at room temperature, although this 
caused rapid destruction of the mold. Because of the low thermal 
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conductivity of sluaioa-silieate materials and the high conductivity 
of steel» this method was believed to "be practical for me a production 
if the pressing operation could be performed rapidly enough to prevent 
overheating of the mold. Shis would be analogous to hot forging of 
metals or the blowing of glass "bottles in metal molds. Ordinary 
carbon steel is used for forging dies. Ordinary white east iron 
is used for the molds of "bottle machines. Cooling of the mold during 
or between pressing operations might be necessary. Such an operation 
has the defect that the surface of the article is chilled. This 
chilling is more severe for materials with low thermal conductivity. 
Whether this would preclude forming of suitable articles was unknown 
at the start of the investigation. 
Based on the writer's industrial experience in fireclay refractories 
sad his desire for research with the ultimate goal of a practical method 
for producing superior refractories, the method adopted was to heat 
pre-formed blocks, transfer them to a press, press rapidly at incandescent 
heat in a cold hardeaed-gteel sold, remove the blocks from the press 
and anneal, fhe fact that this method did not require equipment of 
prohibitive cost was also an important consideration. 
2. Selection and preparation of raw materials 
Ose of the purest natural clays that is available is Tionser -
kaolin8, from the vicinity of Macon, Georgia. It was selected as the 
pure material of approximately alumina content after firing. A 
aProduct of Georgia Eaolin Gozpcny 
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combination of Pioneer kaolin with, commercial alumina hydrate^  was 
used to produce a refractory of 60$ alumina after firing. A combination 
of Pioneer kaolin with ground silica flour0 was used to produce a 
refractory of 20$ alumina after firing. These three compositions 
are "believed to "be made from the purest available commercial materials 
suitable for the heavy refractory industry economy. 
Some of the finest natural fireclays in the world are found in 
deposits in northscentral Missouri. Hard flint fireclay is the most 
refractory clay used in the manufacture of super duty fire brick. 
Plastic and semi-flint fireclays are used fLr the bond in super duty 
refractories and in the manufacture of high duty fire brick. A 
supply of Missouri hard flint fireclay0" and of Missouri plastic 
fireclay0 was available and was used for the two lower purity portions 
of the study. The flint fireclay was minus three mesh and the plastic 
fireclay was minus sixteen mesh. Typical chemical analyses are 
shown in Table 2. 
P^roduct of Alcoa - the raw material for aluminum metal produced 
by purifying bauxite by the Bayer Process 
cProduct of Pennsylvania Glass Sand Corporation 
T^rom A. P. Green Fire Brick Company 
sFrom Mexico Refractories Company 
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Table 2. 'lypieai chemical analyses of the raw materials, weight percent 
Missouri 
Plastic 
Fireclay 
Hard Flint 
Fireclay 
Pioneer 
Kaolin 
Silica 
Flour 
Alumina 
Hydrate 
Si02 32.97 37.95 %5.30 99.820 0.008 
Â12°3 49.14 42.98 38.38 0.049 64.9 
FegO; 2.07 1.71 0.30 0.019 0.005 
Ti02 2.01 2.10 1.44 0.012 — 
CaO 0.31 0.51 0.05 0.006 
— 
MgO o.4l o.4i 0.25 0.031 — 
Alkalies 1.99 2.0 6 0.31 0.25 
Loss on ignition 11.50 13.03 13.97 0.070 balance 
Totals 100. W 100.75 100.00 100.007 100.00 
The Pioneer kaolin and silica flour were too fine (200 mesh and 
finer) to "be dry pressed readily. The alumina hydrate was also fine, 
mainly 100 to 200 mesh. To produce a grain sized aggregate suitable 
for production of cubes by the dry press process8to reduce shrinkage 
and to "blend the ingredients uniformly, the 20$, 4C$ and 60$ alumina 
compositions were first formed as stiff mud bars. 
Sixty pound batches of the 20$ alumina and 60$ alumina compositions 
were weighed to the nearest ounce with a platform scale. These were 
dry mixed by stirring by hand in a 20 gallon container until uniformly 
blended. The 20$, 40$ and 60$ alumina compositions were tempered 
with water in a Lancaster miser to stiff mud consistency. They were 
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extruded as 1 i/o81 x 1 l/Sn s 128 dscies with as. International 
laboratory extruder using 258 of mercury vacuum in the de-airing 
chamber. She dobies were first dried at room temperature for 24 
heure and then in a dryer at 15 vv G. for 24 hours» 
3. Construction of equipment 
a. Fumacc Ho heating source capable of reaching greater 
than 1^400° 0. was available. Fortunately, a periodic gas-fired 
foundry furnace became available from Iowa State University surplus 
inventory. This furnace was originally designed "by the manufacturer 
for use at 1300° C. as a muffle furnace. It contained four "burners 
fed "by air and natural gas. The gas and air were controlled "by 
regulating the air flowing through a venturi. This varied the 
velocity of the air at the venturi throat and caused gas to flow 
into the venturi "by the Bernoulli pressure drop across a gas entrance 
orifice at right angles to the venturi. A pressure regulator in 
the gas line dropped the gas pressure to atmospheric causing no 
gas to flow except when the negative Bernoulli pressure occurred. 
Regulation of the gas flow for various gas-air requirements was 
possible "by changing the size of an orifice in the gas line at the 
entrance to the venturi. 
The old lining was removed from the furnace. Ths burner "blocks 
had he en constructed from a fused alumina r aiming mix. This was 
salvaged "by crushing and washing out the fines through a 20 mesh 
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sieve. The fused alumina that was recovered was "bonded with 15$ 
Bandy Black "ball elsy^  and used to reform "burner "blocks to replace 
the original ones. 
A four and one-half inch thick service lining was laid with Glass 
32 insulating fire "brick culls supplied gratis by the A. P. Green Fire 
Brick Company. These were used to form the crown after sawing 9 " x 
4-g-" x 2&" "bricks to arch shape with a hand saw. Behind the service 
lining an insulating cas table composed of 22$ impure calcium aluminate 
cement^ , 3$ Bandy Black "ball clay and 75$ Class 26 insulating fire 
"brick grog (^ " and fines) was poured. 
Flues were made from a refractory cas table. This was done by 
putting sections of J" scrap down spouting in the center of sections 
of a scrap 9 " x 9 " sheet metal duct and pouring the castable into 
the annular space thus formed. Four feet of the flue were poured 
with a refractory castable composed of 73$ high alumina fire brick 
grog. 22$ impure calcium aluminate cement and 5$ Bandy Black ball 
clay. This section was placed on the furnace in vertical position, 
joining the top of the furnace at a 3" " 3" square flue hole through 
the crown. A second section of flue to be installed horizontally 
was cast using a 9" radius 90° elbow of 3" diameter down spouting 
and similar sections of 9" % 9" square duct and 3" diameter down 
spouting. This produced a 5® section with an axial hole terminated 
f Product of the Spinks Clay Company 
"^Lumnite" cement, a high alumina high-early-strength cement 
produced by the Universal Atlas Cement Company 
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at one end with a 90° hend to fit the top of the other flue section. 
This horizontal section was composed of 25$ impure calcium aluminate 
cement, 10$ expanded plaster aggregate*1, 5$ clay and 60$ Class 26 
insulating fire trick grog. 
The door was lined with two inches of the insulating castable 
used as "back-up for the furnace and a service face of two inches of 
a ramming mix composed of 85$ l4 mesh T-6l Tabular Alumina*, l4$ 
Bandy Black ball clay and 1$ liquid sodium silicate (3.2 ratio. ETa^  
:SiOg, 37$ solids). 
The l/S" orifice in the gas line was replaced with a 3A6" orifice 
after trial of several sizes. Mhen tested at its maximum heating rate 
the furnace temperature reached 3000° IP. in three and one-half hours. 
The furnace has given good performance except that the crown failed 
and was replaced with an alumina ramming mix composed of %0$ T-6l i-" 
and fines Tabular Alumina, 40$ lU mesh T=6l Tabular ilumina and 20$ 
Bandy Black ball clay. 
The furnace was fired manually because it did not have temperature 
program control equipment. An air cylinder was installed on the door 
to facilitate opening and closing the door with a foot pedal during 
hot pressing. The furnace is shown in Figure 2. 
"^psrlite" 
i99_|_$ dense aluminum oxide from Alcoa 
Figure 2. Photograph of the furnace used to preheat 
the cubes "before pressing 
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b„ Hydraulic press To repress an incandescent spseizin 
without excessive cooling the pressure must "be applied quickly. 
The required pressure was estimated at 10,000 potm.de per square 
inch. A two inch cube teas selected as a reasonable size for pressing 
without excessive cooling. Therefore, a #0,000 pound capacity hydraulic 
press capable of pressing a two inch cube was constructed» 
Design of the many machine elements vas accomplished by the usual 
engineering calculations. Because much of the steel was scrap of 
unknown composition, a design stress of 20,000 pounds per square inch 
was used. The design load was 100,000 pounds to allow a factor of 
2& for the shock loading which could occur. 
The press features rapid travel with power up or down, sxtress 
flexibility of box and die arrangement to permit adaption to other 
shapes or to a hot press furnace mounted between the tension rods, 
rapid opening and closing of the top die, a floating mold "box which 
permits load to be applied to the top and "bottom of the sample 
simultaneously, adjustable pressure from 12,000 to to,000 pounds 
and rmbuer casters to allow it to be moved about. 
Welding assemble and pipe fittings was done by student labor. 
DSy" Eiedesel, the Engineering Experiment Station Machinist, machined 
the box and die equipment and threaded the side rods - quite a feat 
for a 78 year old gentleman, considering the rods are 72 inches long 
and his lathe bed is 60 inches long. 
The Engineering Experiment Station shop had no facilities for 
heat treating. Therefore, the top and bottom dies and the side liners 
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of the mold box were hardened and drawn in one operation using the 
ceramic furnaces and heated oil. 
A schematic diagram of the hydraulic circuit is shown in Figure 
3. Figure 4 is a picture of the completed press. 
4. Preparation of cubes for hot pressing 
The extruded stiff mud dobies of the 20^  and 60$ alumina compositions 
were well blended and dense enough to be grain sized for dry pressing. 
But the rate for the reaction of clay and alumina or clay and quartz 
is slow, and if the compositions were fired in a short period of time 
the reaction would be far from equilibrium. Therefore, a small quantity 
of each was reserved to be used later as a bond and the remaining 
dobies were fired to convert them to grog. The 20$ alumina dobies 
were fired to 1400° 0. in one and one-half hours and held at l400° C. 
for seven hours. The 60$ alumina dobies were fired to 15OO0 C. in 
two hours and held at 1500° C. for five hours. 
The fired doMea were crushed with a jaw crusher to an eight 
mesh product. The unfired dobies were crushed with, a jaw crusher 
and ground with a Braun disc pulverizer to a 20 mesh product. The 
flint fireclay and the crushed kaolin dobies were ground in the Braun 
pulverizer. The screen analyses are shown in Tables 3 and 4. 
Figure 3. Schematic diagram of the hydraulic circuit of the hydraulic 
press. Heavy lines indicate high pressure oil for the 
up-stroke of the cylinder. Light lines indicate low 
pressure oil. 
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Figure 4. Photograph of the hydraulic press capable of 
applying a load of 40,000 pounds. A cube of 
kaolin is shown .just emerging from the die cavity 
4o 
Table 3- Screen analyses in weight percent 
20$ Alumina 60$ Alumina 
Flint Fireclay Grog Grog 
on 8 mesh 0.00 0.00 0.00 
8-10 mesh 13-13 25.08 20.15 
10 - l4 mesh 19.92 22.34 24.36 
l4 - 20 mesh 12.98 14.58 12.23 
20 - 28 mesh 9.32 10.00 11.7s 
28 - 35 mesh 6.75 6.82 8.11 
35-48 mesh 5.95 5.42 7.06 
- 48 mesh 32.46 15.00 16.12 
Totals 100.51 99-24 99.83 
Table 4. Screen analyses in weight percent 
TJnfired 20$ Unfired 60$ Missouri Plastic 
Alumina Alumina Fireclay 
on 20 mesh 0.00 0.00 0.26 
20 - 28 mesh 6.93 1.08 0.19 
28 - 35 mesh 15.64 2.90 3.73 
35 - 48 mesh 12.65 3.42 16.00 
48 - 65 mesh 8.30 5.70 17.27 
65 - 100 mesh 9.64 15.80 16.22 
- 100 mesh 47.00 71.20 46.# 
Totals 100.16 100.10 100.02 
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Eighty percent of the 20$ al usina and 60$ alumina grogs were 
bonded with 20$ of the 20 sash unfired dob le of the sas® composition,, 
&*n compositions were tempered in the Lancaster miser to dry press 
consistency and pressed in the hydraulic press at 12,000 pounds load 
in the shape of two inch cubes. The cubes were dried at 130° G. 
The 20$ si usina, cubes isere fired m.tk natural gas to 1500° G. in two 
hoars and held at 1500° G. for three hours. The 60$ alumina cubes 
were fired to l600° 0. in two and one-half hours and held at l600° G. 
for three hours. 
The cubes of each composition were then ready to be heated and 
hot pressed. The bulk density and porosity of the dry cubes were 
determined by the liquid displacement method and are shown in Sable 
5* The same properties of the 20$ and 60$ alumina after firing are 
shown in Table 6. 
Sable 5. Bulk density and apparent porosity of dry cubes prior to 
firing 
Missouri Hint 20$ 60$ 
Plastic Fireclay Alumina Kaolin Alumina 
Bulk density gza/c.c. 2.16 2.06 2.03 1.76 1.7^ 
Apparent porosity, $ l6„5 21.4 20.3 31»3 ^3»5 
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Table 6. Bulk density of 20$ alumina and 60$ alumina cubes after 
firing 
20$ Alumina 60$ Alumina 
Firing temperature 
Bulk density gm/e.c. 
Apparent porosity, $ 
1500" C. 
2.01 
16.7 
1600° c. 
1.93 
36.2 
5. Hot pressing method and results 
The hydraulic press was placed adjacent to the gas fired furnace; 
six cubes of each composition were set in the furnace in an orderly 
array; and the furnace was rapidly heated to the desired temperature. 
The furnace was held at temperature for one hour. The lower die of 
the press was positioned to permit a cube to drop so that its top 
surface would "be about 'below the top of the mold "box. Asbestos 
gloves, dark glasses and an aluminum foil hat were donned as protective 
equipment. 
The foot pedal valve was depressed to open the door with the air 
cylinder. An incandescent cube was snatched from the furnace with 
long handled tongs. The door closed automatically when the foot 
pedal was released. The cube was quickly placed in the press mold 
cavity. The top die was closed and hydraulic pressure was applied 
with the control valve to raise the "bottom die and the mold box. 
When the top die made contact with the incandescent cube pressure 
was applied to the cube. When the resistance of the cube reached 
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the desired maximum pressure, the relief valve in the hydraulic circuit 
opened, "by-passing the oil to the tank and maintaining the maximum 
pressure. This was held until the "bottom die stopped traveling. The 
pressure was released and the mold "box and "bottom die were loitered 
to permit the top die to slide back. The top die was shoved out of 
the way end the pressure again applied to the bottom die to extrude 
the pressed sample from the box. The cube was removed from the press 
with tongs and placed in the annealing furnace at HÇO0 0. unless 
otherwise noted in the data. 
If the mold box and dies felt excessively hot to the touch they 
were cooled between samples by blowing compressed air into the mold 
cavity. Samples of each composition were pressed at 12,000 pound 
load, 20,000 pound load, 30,000 pound load and 40,000 pound load at 
each temperature. 
An assistant recorded the times required to put the cube in the 
press, to reach maximum pressure, to remove the sample from the press 
after maximum pressure was released and to transfer the pressed sample 
to the annealing furnace. These times varied from sample to sample. 
The time required to complete déformation of the cube varied from 
to lU seconds although six to eight seconds was usually required. 
Most samples were pressed and placed in the annealing furnace in 
about 22 to 24 seconds. 
The lowest temperature used was that at which brittle failure 
occurred. The highest temperature was 1550° C. or the temperature 
at which evidence of bloating occurred when the pressure was released, 
whichever was lower. One group of 60$ alumina cubes was pressed from 
a temperature of l600° 0., the maximum temperature which could be 
reached with the furnace. 
During the pressing operation the outer surface of the cubes 
was cooled by radiation and by contact with the press. After pressing 
the cubes glowed red within. The corners and edges were dark. The 
cooler outer layer of many samples crushed by brittle failure. At 
the optimum pressing temperature for each composition the outer layer 
was only about l/l6" thick except at the corners. 
At low temperatures the cubes did not deform plastically but 
failed by brittle fracture if the applied pressure exceeded ths 
compressive strength of the cube. As the temperature increased 
plastic deformation became greater until maximum density was reached. 
Further increases in temperature usually resulted in bloating when 
the pressure was released. The effect of temperature on selected 
compositions and pressures is shown in Figures 5 > 6,7 and 8. 
At each temperature an increase in the applied pressure usually 
caused an increase in the deformation or fracture of the cubes. 
Figures 9» 10, 11, 12 and 13 show the effect of pressure on cubes 
of selected compositions and temperatures. Some cubes exhibited 
bloating to a. greater degree after the highest pressure was applied 
than they did at lower pressures. Some cubes shattered at low 
pressures, but plastically deformed at higher pressures,, as shown 
in Figure 13, 
%5 
Figure 5- Flint fireclay cubes pressed at 12,000 pounds load from 
temperatures of 1250° C., 1350° C., lU^ O0 C. and 1550 C• 
Some bloating of the 1550° C. specimen has occurred. 
Figure 6. 20% alumina cubes pressed at 4o ,000 pounds load from 
temperatures of 1250° 0. , 1350° C., 1450° C. and 1550° 0. 
Figure J. Kaolin cubes pressed at 40,000 pounds load from temperatures 
of 1250° 0., 1350° C., 1^ 0° 0. and 1550° C. 
Figure 8. 60$ alumina cubes pressed at 40,000 pounds load from 
temperatures of 1250° C. , 1350° G. , l^ O0 C. , 1550° C„ 
and 1600° 0. 
%7 
Figure 9- Missouri plastic fireclay cubes pressed from 1150° C. 
at loads of 0, 12,000, 20,000, 30,000 and ItO.OOO pounds. 
Figure 10. Flint fireclay cubes pressed from 1200° C. at loads of 
0. 12.000, 20.000, 3^ ,000 and Uo8000 pounds. Brittle 
failure has occurred at the higher loads. 
. -i 
Figure 11. 20% alumina cubes pressed from 1550° C. at loads of 0, 
12,000, 20,000, 30,000 and %0,000 pounds. 
Figure 12. Kaolin cubes pressed from 1450° C. at loads of 0, 12,000, 
20,000, 30,000 and 40,000 pounds. 
%9 
Figure 13. 60% alumina cubes pressed from l600" G. at loads of 0, 
12,000, 20,000, 30,000 and %0,000 pounds. 
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The "bulk density and apparent porosity are useful parameters 
of the effectiveness of pressing. Tables 7» 8, 9> 10 and 11 give 
the results of the pressing of the various compositions. These 
parameters were determined by the water displacement method without 
removing the more porous outer coating of the samples. Figures 
l4, 15, l6, 17 and 18 show the bulk density results graphically. 
Table J. Results of hot pressing Missouri plastic fireclay 
11^ 0° 0. 
Nominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb./sq.in. 0 3,036 5,056 7,580 10,100 
Bulk density, gm/c.c. 2.31 2.36 2.39 2.43 2.52 
Apparent porosity, % 11.50 
1200° 
9.10 
0. 
8.28 6.99 5.40 
Nominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb,/eq„in. 0 3,060 5,ioo 7,650 10,200 
Bulk density s gm/c.c. 2.32 2.37 2.39 2.44 2.48 
Apparent porositys fa 10.17 
1250° 
7.61 
G. 
7.56 6.26 4.74 
Nominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb./sq.in. 0 3,03% 5,050 7,576 10,100 
Bulk density, gm/c.c. 2.29 2.40 2.43 2.50 2.50 
Apparent porosity, $ 7.51 2.92 3* 50 2.00 2.10 
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Table J. (Continued) 
i?20° c. 
Hominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb./sq. in. 0 3,120 5,200 7,800 10,400 
Bulk density, gm/c.c. 2.24 2.45 2.49 2.52 2.48 
Apparent porosity, $ 5.15 
1450° 
2.21 
c. 
1.16 0.98 0.90 
nominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb./sq.in. 0 3,830 4,800 7,205 9,600 
Bulk density, gm/c.c. 2.07 2.35 2.41 2.42 2.39 
Apparent porosity, $ 2.12 
15^ 0° 
0.35 
c. 
0.42 0.33 0.55 
nominal pressing load, tons 0 s 10 15 20 
Pressure on top surface, 
lb./sq.in. 0 2,712 8,200 9,030 
Bulk density, gm/c.c. 1.85 1.90 2.23 1.93 
Apparent porosity, $ 0.89 0.87 1 II - I  — — II 1.3% 0.82 
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Table g. Results of hot pressing flint fireclay 
1200° c. 
Hominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb./sq.in. 0 3,109 5,181 7,772 10,360 
Bulk density, gm/c.c. 2.23 2.35 2.36 2.42 2.38 
Apparent porosity, % 17.03 
1250° 
13.08 
c. 
13.12 10.96 12.39 
Hominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb./sq.in. 0 3,112 5,181 7,772 10,362 
Bulk density, gm/c.c. 2.23 2.33 2.40 2.41 2.52 
Apparent porosity, $ 16.11 
1250° 
11.98 
0. 
10.17 9.29 6.15 
nominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb./sq. in. 0 3,216 5,358 8,020 10,700 
Bulk density, gm/c.c. 2.25 2.46 2.57 2.53 2.59 
Apparent porosity, l4„ 64 
. i%50° 
7=45 
C. 
4.32 5.21 3.45 
Nominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb./sq.in. 0 3,9%4 4,900 7,350 9,800 
Bulk density, gm/c.c. 2.20 2.46 2.54 2.60 2.59 
Apparent porosity, % 14.58 5.64 3.69 2.21 2.42 
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Table S. (Continued) 
1550° c. 
Nominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb./sq.in. 0 3,280 5,%65 8,200 10,930 
Bulk density, gm/c.c. 2.19 2.53 2.56 2.57 2.57 
Apparent porosity, % 10.30 1.92 1.46 1.51 1.28 
Table $. Results of hot pressing 20$ alumina 
12^0° 0. 
Nominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
It./sq.in. 0 2,744 4,575 6,865 9,153 
Bulk density, gm/c.c. 2.05 2.06 2.00 2.00 2.03 
Apparent porosity, % IS. 00 17-4i 18.92 17.38 17.91 
1350° c. 
Hominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
l"b./ sq. in. 0 2,768 4,612 6,920 9,224 
Bulk density, gm/c.c. 2.09 2.02 2.07 2.11 2.09 
Apparent porosity, $ 15.9% 19.54 16.11 16.48 14.91 
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Table 9. (Continued) 
1450° c. 
nominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
Ib./sq.in. 0 2,770 4,620 6,920 9,240 
Bulk density, gm/c.c. 2.09 2.03 2.01 2.12 2.21 
Apparent porosity, $ 16.77 
1^ 50° 
16.95 
c. 
20.15 15.65 10.61 
nominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb./sq. in. 0 2,910 4,850 7,275 9,700 
Bulk density, gm/c.c. 2.15 2.51 2.53 2.55 2.55 
Apparent porosity, % 10.96 2.39 2.05 1.90 2.25 
Table 10. Results of hot pressing Pioneer kaolin 
1250° c. 
nominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lu./ sq. in. 0 - — — —* — —- — — • — — —  •— 11 H 
Bulk density, gm/c.c. 2.20 2.29 2.26 2.28 2.26 
Apparent porosity, % 14.58 11.22 12.18 11.47 12.34 
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Table 10. (Continued) 
1350° 0. 
Hominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb./sq.in. 0 3,430 5,718 8,580 U ,440 
Bulk density, gm/c.c. 2.27 2.37 2.36 2.40 2.36 
Apparent porosity, $ 12.46 
1450° 
7.99 
c. 
8.68 7.24 9.50 
ÎTominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb./sq.in. 0 3,460 5,760 8,650 11,520 
Bulk density, gm/c.c. 2.36 2.50 2.50 2.50 2.59 
Apparent porosity, % 11.23 
1550° 
5.89 
0. 
5.68 5.64 3.72 
nominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb./sq.in. 0 ———— 5,970 11,940 
Bulk density, gm/c.c. 2.45 ——— 2.67 2.66 
Apparent porosity, $ 6.71 — — —  0.92 1.49 
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Table 11. Results of hot pressing 60^  alumina 
1250° 0. 
Nominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb./sq.in. 0 2,978 4,950 7,426 9,901 
Bulk density, gm/c.c. 2.01 1.78 1.91 1.76 1.92 
Apparent porosity, $ 29.19 38.57 
c. 
33.58 38.60 34.00 
Nominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb./sq. in. 0 2,706 4,518 6,760 9,036 
Bulk density, gm/c.c. 1.77 1.79 1.7s 1.93 1.9s 
Apparent porosity, % 37.56 
1450° 
36.25 
c. 
38.60 33.47 31.64 
Nominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb./so.in. 0 3,020 5,060 7,600 10,120 
Bulk density, gm/c.c. 1.84 2.00 2.03 2.02 2 = 0o 
Apparent porosity, jo 35.00 
1550° 
20.3O 
c. 
27.49 29.22 27.41 
Nominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb./sq. in. 0 2,866 4,780 5,175 9,560 
Bulk density, gm/c.c. 1.29 2.03 2.07 2.13 2.13 
Apparent porosity, $ 33.81 28.69 27.82 27.44 26.59 
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Table 11. (Continued) 
i6oo° c. 
nominal pressing load, tons 0 6 10 15 20 
Pressure on top surface, 
lb./sq. in. 0 3,020 5,050 7,560 10,100 
Bulk density, gm/c.c. l.$8 2.08 2.14 2.22 2.20 
Apparent porosity, $ 36.80 33.30 31.50 29.00 30.00 
Photomicrographs of cubes of each composition after "being hot 
pressed to obtain maximum bulk density are shown in Figures 19, 20, 
21, 22 and 23. Each figure also contains the photomicrograph of each 
composition fired to the same temperature but not hot pressed so that 
the effect of hot pressing on the structure can be seen. 
6. Temperature distribution within the cubes 
The basic equation for the conduction of heat is the Fourier equation: 
where T is temperature in 0 K., t is time and a is thermal diffusity 
= k. ( 66, pp. 11-lU). Here k is thermal conductivity, c is specific 
er 
heat and r is density. If the thermal diffusity is not constant a 
more general equation is J _ , -r-Y 
2>T 
ât - cr " -IT/ az 
Figure l4. Bulk density of Missouri plactic fireclay as a function 
of pressing pressure and temperature 
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Figure 15- Bulk density of Missouri flint fireclay as a function of 
pressing pressure and temperature 
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Figure l6. Bulk density of 20$ alumina as a function of pressing 
pressure and temperature 
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Figure 17. Bulk density of Pioneer kaolin as a function of pressing 
pressure and temperature 
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Figure 18. Bulk density of 60$ alumina as a function of pressing 
pressure and temperature. 
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Figure 19. Photomicrographs of polished sections of Missouri plastic 
fireclay fired to 1350° G. comparing the normal structure 
(top) with the structure after hot pressing with 20 tons 
load ("bottom). XI60 
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Figure 20. Photomicrographs of polished sections of Missouri flint 
fireclay fired to 1450° C. comparing the normal structure 
(top) with the structure after hot pressing with 20 tons 
load ("bottom). XI60 
70 
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Figure 21. Photomicrographs of polished sections of 20% alumina fired 
at 1550° C. comparing the normal structure (top) with the 
structure after hot pressing with 20 tons load ("bottom). 
X 160 
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Figure 22. Photomicrographs of polished sections of Pioneer kaolin 
fired at 1550° C. comparing the normal structure (top) 
with the structure after hot pressing v.dth 20 tons load 
(bottom). XI60 
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Figure 23. Photomicrographs of polished sections of 6C$ alumina fired 
at 1600° C. comparing the normal structure (top) with the 
structure after hot pressing with 20 tons pressure ("bottom). 
XI60 
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The "basic equation for the radiation of heat is Planck's equation! 
Where QRT> is the radiant emissive power of a "black "body at wavelength, 
Multiplying the above equation "by dl and integrating over all L 
yields the Stefan Boltzman law: 
Here Qg refers to a perfect radiator or "black body. An imperfect 
radiator has a lower radiant energy emitting rate. This at any 
wavelength, L, is related to the black body rate by 
where is the emissivity at wavelength L. If the body is a grey 
body, i.e., one whose emitting power is the same fraction of that 
of a black body for all wavelengths, then Q, = -Qg. 
When a body is suddenly removed from a hot furnace it loses heat 
to its surroundings by both radiation and convection. Heat lost by 
convection is a function of the velocity of the convecting fluid, 
the temperature difference between the fluid and the body, and the 
film convection coefficient of heat transfer. For incandescent bodies 
at the low velocities of natural convection the heat lost by convection 
is small compared to that lost by radiation. 
Assuming the heat lost by convection is negligible an incandescent 
body suddenly removed from a furnace loses heat from the surface by 
radiation cooling the surface. This produces a temperature gradient 
L g and where L is wavelength in microns (6j, pp. 39=50) 
7*4 
;?hieh causes hsat te floy by conduction from the interior of the "body 
to the surface, fhis flot? of heat to the surface prevents the snrfasa 
temperature from dropping to that of the surroundinge6 îhs heat lost 
in a short time increment from an infinitesimal layer of the "body at 
the surface must equal that flowing to it plus the heat capacity of 
the surface la^er times the drop in. temperature of the surface layer. 
If the surface layer varies in thermal diffusity the resultant 
equations are so complex that they have not "been rigorously solved. 
If one assumes that the radiation loss is so rapid that the 
temperature of the surface quickly becomes near that of the surroundings, 
and if one assumes average thermal diffusity applies to the body, 
then "by dimensional analysis an equation for the rate of drop of 
the temperature at any point within the body can be derived. Thus » 
as in Brown and Marco (67, pp. 196-200) for a semi infinite body, 
if one assusies the variables are Ï0-To» z, d, a and t one 
obtains the equations 
where Tg is surface temperature after cooling to that of the surroundings„ 
ïQ is the initial temperature, T is the temperature of any point within 
the yall at position x, d is the thickness of the •sail and a is thsrssl 
diffus!ty. 
Applying this equation to a cube where T is the température of 
the center of the cube, Adams and Williamson found the temperature 
at the center to be given by the equations 
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TE = 77 -FE-T) / '(^ ) 
They give values of fVat ) as functions of at for cubes as shown in 
I d2/ 5? 
Brown and MarGO (67» p. 201). 
Values of a for fireclay brick were "based on the table of specific 
heat and thermal conductivity given on page 339 of reference 68 for 
a fireclay refractory having a hulk density of 130 pounds per cubic 
foot, The results of these calculations are shown in Figure 2%. 
Taking an average value of diffusity as 0.0243 square feet per 
hour for a two inch cube with an initial temperature of 2450° F. 
(13150 G.) and a surface tesperatur© of 100° F. (37.4° C.) the equation 
gives the solutions shown in Figure 25. Practically no decrease 
in temperature occurs for the first ten seconds. 
Experimental measurements of the temperature loss of the surface 
with time were made with two inch cubes using an optical pyrometer. 
The pyrometer was set at a lower temperature, a cube was removed froa 
the furnace and the time required to reach the lower temperature was 
measured. She apparent temperatures were corrected "by assuming a 
spectral eisaissivity of 0.§5 $ an average emmissity for fire "brick 
at a wave length of $500 angstroms. 5he resulting decay of surface 
tespsrature with time is shown in Figures 26, 27, 25 and 29® 
In the hot pressing operation the cube was quickly placed in 
the mold, fhe surface temperature of the mold could be expected to 
remain low because of the higher thermal diffus!ty of steel and the 
saeeiv© heat- capacity of the sold assembly. An experimental estimate 
Figure 2*i. Thermal diffusity of fire brick as a function of 
temperature 
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Figure 25- Temperature of the center of a two inch cube of fire 
"brick initially at 24^ 0° F. and suddenly cooled at 
the surface to 100° F. as a function of time 
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figure 26. Temperature of the center of one face of a two inch 
fire "brick cube as a fonction of tiae -when the cube 
is cooled from 1505° 0. by removal from the furnace. 
Lower curve is experimental apparent temperature. 
Upper curve is calculated "black "body temperature. 
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Figure 27. Temperature of the center of one face of a two inch 
fire brick cube as a function of time when the cube 
is cooled from 1^ 50° C. by removal from the furnace. 
Lower curve is experimental apparent temperature. 
Upper curve is calculated black body temperature. 
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Figure 28. Temperature of the center of one face of a two inch 
fire "brick cube as a function of tinss when the cuba is 
cooled froa 136O0 0. by removal from the furnace. 
Lower curve is experimental apparent temperature. 
Upper curve is calculated black body temperature. 
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Figure 29. fesjperature of the center of one face of a two inch 
fire "brick cube as a function of time when the cube 
is cooled from 1250° C. by removal from the furnace. 
Lower curve is experimental apparent temperature. 
Upper curve is calculated black body temperature. 
ÏE  MPERATURE 
0) 
O 
œ 
O 
gg 
of the rate of temperature rise of the surface of the moid "box in 
contact with a cube taken from a furnace at l400° 0. was made with 
a chrome1-almnel thermocouple soldered to a copper plate in contact 
with the cube and insulated from the mold with l/l6" of sheet mica. 
These data are shown in Figure 30» 
The surface of the cube was certainly hotter than the mold box. 
The maximum temperature reached by the mold box in these experiments 
was 350° C. If one assumes the temperature differential is 200° C. 
when the mold box reached its maximum temperature, then 550° G. is 
an estimate of the minimum temperature of the cube surface after 
sixteen seconds. 
The usual time the cube was in contact with the mold is about 
seven seconds. This corresponds to a mold temperature of about 135° 
C., far less than necessary to temper the hardened steel. 
Solving for the rate of decay of the temperature of the cube 
when the surface temperature is cooled by radiation at times of two 
seconds and seven seconds gives reasonable estimates of the temperature 
distribution within the block on a line between the center of a cube 
face and the center of the block. Figures and 32 give the results 
of this calculation for the flint fireclay sample starting from 
1^ 50° G. It is apparent from these Figures that the chilled surface 
layer is not very thick. The actual thickness of the surface layer 
which will not deform under pressure is dependent on the viscosity 
temperature curve for the glass contained in the refractory. 
Figure 30. Temperature rise of the mold "box of the press as a 
function of the time in contact with a cube removed 
from a furnace at 1^ 00° 0. 
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figure 31- Temperature distribution within a cube of flint 
fireclay two seconds after removal from a fums.es 
at 1^50° G., assuming the surface temperature dropped 
instantaneously to 1370° C, 
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Figure 32. Temperature distribution within a cube of flint 
fireclay seven seconds after removal from a furnace 
at 1^ 50° 0., assuming the surface temperature dropped 
instantaneously to 1290° C. 
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B. Determination of Phase Compositions 
1. Chemical analysis 
The chemical analysis of each fired composition was determined 
"by the wet chemical method specified in A.S.Œ.M. designation CIS-45 
(69. pp. 98-Hi). This specified a sodium carbonate fusion to render 
the sample soluble* double dehydration of the silica in HCL followed 
by ignition and weighing, titration of the iron in the ferrous state 
with standard potassium permanganate, oxidation of the titanium 
to the yellow TiO^  ion for colorimetric comparison with standard 
concentrations, titration of lime as the oxalate with standard potassium 
permanganate, weighing of magnesium as the magnesium pyrophosphate 
and determination of aluminum by difference between the ignited 
ammonia precipitate and the SUB of iron and titania. Also specified 
was the J. Lawrence Smith method for alkalies in which the sample 
was fused with calcium carbonate and ammonium chloride to render 
the alkalies soluble. The combined alkalies were separated from 
the sample and the calcium by multiple precipitations. The combined 
alkalies were weighed as the chlorides. The sodium and potassium 
were separated by precipitating them as the chloroplatinates followed 
by extraction of the sodium chloroplatinate with alcohol. The 
potassium was weighed as the chloroplatinate. The results of these 
chemical analyses are shown in Table 12» 
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Table 12. Chemical analyses of the alumina-silica compositions in 
weight percent 
Flint 
Fireclay 
Missouri 
Plastic 
Fireclay 
60$ 
Alumina 
20# 
Alumina Kaolin 
Si02 52.27 62.140 33.28 76.82 52.48 
AI2°3 44.30 34.56 63.25 20.68 44.28 
FegO^  1.56 2.01 0.7g 0.50 0.23 
TiOg l.Ui 1.42 1.17 0.80 1.69 
OaO 0.81 l.lU 0.66 0.98 0.64 
MgO l.Ul 0.7U 0.28 0.62 0.75 
ZgO 0.51 0.88 0.12 0.20 0.15 
EagO 0.88 1.5S 1.68 1.31 0.25 
Totals 103.15 104.73 101.32 101.90 100.47 
2. Preparation of materials for X-ray diffraction analysis of crystalline 
phases 
The available X-ray diffraction equipment was a General Electric 
XRD-5 X-ray diffractometer with a tube containing a copper target. 
The diffractometer includes a spectrogoniometer with scaler, rate 
meter, automatic timer, reverter and digital printer. A powder camera 
was also available. 
A Fisher #8-322 mechanical mortar grinder was modified to receive 
a 68 mm. diameter agate mortar and pestle. This was used to complete 
the fine grinding necessary for X-ray diffraction work. 
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Qualitative X-ray diffraction of the fired samples revealed that 
the crystalline phases present were mullite, often cristobalite, and, 
in some samples, quartz. 
Other investigators have thoroughly studied the problem of 
determining the crystalline content of alumina-silica ceramic products 
(28, 30, 31 » 35» 38). The hydrofluoric acid method of selective 
solution of the glassy phase and silica from mullite suffers from 
the fact that mullite is also soluble although at a slower rate. 
The rate of solution of the mullite varies from sample to sample, 
depending upon the mullite particle size and impurities as well as 
temperature and concentration of the hydrofluoric acid. The use 
of a low temperature (0° C.) helps reduce this error. This method 
was rejected as inaccurate where the particle size of the mullite 
would vary a great deal. 
By using hydrofluoric acid it is possible to isolate mullite from 
alumina-silica ceramic products although only the coarser mullite will 
remain. Cristobalite and quartz cannot be determined or isolated by 
this method. 
Fine grinding has been used to mechanically free the mullite and 
glass. The mullite can then be separated by heavy liquid sink-float 
methods in which the lower density glass floats and the mullite sinks. 
Froth flotation has also been used in an attempt to separate mullite 
and glass. Fitzpatrick (38) found that the mullite in fired kaolins 
was much too fine to be freed by grinding followed by froth flotation 
or sink-float methods. Therefore, this method was rejected also. 
98 
Quantitative X-ray diffraction methods hare also "been used for 
determining the crystalline phases present, if ter studying the 
literature one of these, the internal standard method, was adopted, 
îhie was done by preparing standard curves in yhick. the ratio of the 
intensity of the crystalline phase to that of an added internal 
standard was plotted against the ratio of the weight percent# of the 
crystalline phase and the internal standard. 
According to KLug and Alexander (36, p. 419) the requirements 
for an internal standard for quantitative X-ray diffraction are: 
(l) availability in high parity; (2) few and sharp diffraction peaks; 
(3) a strong peak near the strong peaks of the unknown; and (4) 
freedom from superimposition of the internal standard peaks on any 
other peaks of the unknown. 
In addition it is desirable for the internal standard to be non 
hygroscopic, insoluble and non toxic. She complex diffraction patterns 
of sallite, cristobalit© and quarts liait the choice of internal 
standards. 
There are only a few places in the diffraction patterns where 
the peaks are separated by wide enough angles to add an internal 
standard peak. The widest of these are near the maximum intensity 
peaks of nullité, a doublet at 3= 38 È and 3=40 JL 
The intensities of the principal milite peaks are low and those 
of cristobalite and quarts are high. The principal quarts peak at 
3.343 angstrom units "ds spacing is too close to the principal 3.38 
angstrom units Bdn spacing of mullite to be resolved into two peaks 
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except at high resolution settings of the diffractometer. Fortunately, 
quartz remained as a residual phase only in the low temperature samples 
of impure Missouri plastic clays and was not present in most of the 
samples. The high resolution required produced very low intensities 
which were difficult to measure accurately, 
Cristobalite produces one high intensity peak at 4„04 angstrom 
"d11 spacing. No other cristobalite peaks are within 20:p of the intensity 
of the 4.04 angstrom peak produced by the 101 planes. 
To take advantage of the high intensity peaks of mullite and 
cristobalite the A.S.T.M. classification index book (JO) was searched 
for suitable internal standards in the range of "d" spacings of 3*38 
to 2.90 angstroms and from 4.00 to 3.44 angstroms. Calcium fluoride 
and barium fluoride were selected. Each is cubic, has a minimum number 
of strong peaks, is available in pure form and is non hygroscopic. 
The second intensity (l/l^  = 0.94) calcium fluoride peak is at 
a "d" spacing of 3.153 angstrom units. The highest intensity peak 
is at a "d" spacing of 1.932- angstrom units - near the second intensity 
peak of mullite. 
The barium fluoride principal peak is at a "d" spacing of 3-579 
angstrom units. The high atomic number of barium causes barium 
fluoride to have high intensity diffraction peaks and high absorption. 
Therefore, only a small quantity can be used to obtain peak heights 
approximately equal to the mullite and cristobalite peaks. If no 
quartz is present to interfere with the 3-32 angstrom mullite peak 
the barium fluoride can be used as the internal standard for both 
mullite and cristobalite. 
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fheee wide sdG spacings necessitate work at low angles where, 
unforton&tely, the "background intensity is high. This is particularly 
true of sassples containing silicate glasses which have diffuse coherent 
scattering maxima near the nullité, cristobalite and quarts peaks. 
The "barium fluoride and calcium fluoride were standard reagent 
grade powders. 
a. Preparation of standard nullité for X-ray diffraction analysis 
To prepare a standard curve for quantitative X-ray diffraction analysis 
of mullite, a standard mullite of 100$ purity was required which has 
the same diffracting characteristics as the unknown mullite of the 
sample. Several authors (25 , 27 » 38) have demonstrated that different 
nullités give different diffracting intensities. iEhese investigators 
concluded that the mullite for the standard curve nrast have the same 
composition and crystal habit as that of the unknown. Therefore, 100$ 
s till î te for the X-rsy diffraction analysis ~ms prepared from each 
sasple composition. 
Preparation of the standard mallite was accomplished by heating 
cubes of each composition to the sssiass pressing temperature, quenching 
in air, crushing in a Piatiner mortar to pass an 100 me oh sieve and 
leaching in hydrofluoric acid. 
Hydrofluoric acid leaching has "been studied by Konopicky and 
Kohler (31). They concluded that low concentrations of hydrofluoric 
acid (l to 2$>) will not dissolve all of the silica which may he present 
as quartz and cristobalite. They found that higher concentrations 
(10$ and 4S/0 would dissolve the glass, cristobalite and quarts, but 
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would also dissolve some of the mullite. A low temperature (0° C.) 
inhibited the solution of mullite. Because the alumina-silicate samples 
which they studied were different from those in this study the solution 
rate was checked experimentally. 
To study the solution rate in hydrofluoric acid one-half gram 
flint fireclay samples were fired to 1550° C. for ten hours, ground 
to pass an 100 mesh sieve with a Plattner mortar and placed in poly­
ethylene beakers containing 42 ml. of 48$ hydrofluoric acid maintained 
at approximately 0° C. with an ice bath. After suitable lengths of 
time the solutions were diluted and filtered through Whatman #40 filter 
paper. The filter residue was washed with 5$ HCL and the filter paper 
and residue were ignited in a glazed procelain crucible. 
The results proved to be highly variable. The variation was 
found to be caused by loss in weight of the porcelain crucibles due 
to incomplete removal of the hydrofluoric acid. More complete washing 
and the use of platinum crucibles produced consistent results. However, 
the time of solution was difficult to define because some reaction of 
the sample could be presumed to progress until the filter residue was 
conroletely washed. 3?or comparative purposes the reaction time was 
considered to be from the admission of the sample until the beginning 
of the first 5$ HCL rinse after the last drop of hydrofluoric acid 
solution had drained from the filter. The results of partial solution 
of the flint fireclay and kaolin samples are shown in Figure 33» 
Approximately one-half hour was required to reach the steady 
state condition. 
Figure 33. Bate of solution of kaolin and flint fireclay samples 
at 0° C. in 10$ hydrofluoric acid as a function of 
time. Lower curve is kaolin. Upper curve is flint 
fireclay. 
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Konopicky and Kohler (jl) have reported that larger samples require 
longer solution times; the thickness of the sample, size of the "beaker, 
amount of stirring and filtering time "being contributing variables. 
Therefore, to obtain nullités to be used as standards for quantitative 
X-ray diffraction, longer times and 48$ hydrofluoric acid were used. 
Cubes of each chemical composition were fired to 1550° C. for four 
hours. A twenty grain representative sample of each was crushed to 
pass an 100 mesh sieve, treated with 48% hydrofluoric acid for four 
hours at 0° 0., washed five times with 5$ HCL and dried at 130° G. 
A one gram sample of each mullite residue was ground for fifteen 
minutes in an agate mortar, pressed into a flat aluminum sample holder 
and subjected to qualitative X-ray diffraction tests over the range 
of 20° to 44° 29 using copper S-alpha radiation and a nickel filter. 
All samples were prepared the same day. Extreme care was used to have 
identical experimental conditions for the samples. All samples were 
X-rayed the same afternoon with identical settings of the diffractometer. 
Examination of the X-ray diffraction patterns revealed that no other 
crystalline phases were detected and all lines were those of mullite, 
as compared with the latest available published data (17). One 
apparently spurious peak at 21.7° 29 proved to be the K-beta equivalent 
of the 26.3° 25 principal peak. This could be removed by additional 
thicknesses of nickel foil in filtering the receiving slit of the 
diffractometer. 
Differences in the relative intensities of some of the peaks 
when samples on one composition were compared with another were noted. 
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Differences in intensities from one sample composition to another were 
also observed. Both types of differences were small and believed to 
be the normal diffraction variation for the mullite from kaolin, flint 
fireclay, Missouri plastic fireclay and 20$ alumina compositions. The 
mullite from the 60$ alumina composition had low intensities of the 
3.3S and the 2.69 angstrom peaks, and had high intensities for the 
2.54 angstrom peak. These differences are shown in Table 13. 
Table 13. Height above background for selected peaks from the diffraction 
patterns for mullites from various compositions 
Height $> of 
Composition Miller index "d" spacing above principal 
of peak (angstroms) background peak height 
60$ Alumina 120 3.38 63.5 100 
220 2.69 28.4 45.2 
111 2.54 25.1 40.2 
20$ Alumina 120 3.38 85.8 100 
220 2.89 38.2 44.6 
111 2.5% 17.0 19.8 
Missouri 120 3.38 89.5 100 
plastic fireclay 220 2.89 37.5 43.0 
111 2.54 14. 6 lo. 3 
Flint fireclay 120 3.3s 86.0 100 
220 2.6? 39.9 46.4 
111 2.54 15.8 18.4 
Kaolin 120 3.38 81.5 100 
220 2.69 38.1 46.7 
111 2.54 13.9 17.0 
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During the filtering of the hydrofluoric acid residues the mullite 
from the kaolin, Missouri plastic and flint fireclay compositions 
filtered slowly. These residues were obviously very fine. The 20$ 
ainnnna residue filtered somewhat faster and the 60$ alumina residue 
filtered very rapidly. The 60$ alumina residue appeared to be coarser 
and somewhat gritty after the fifteen minutes of grinding in an agate 
mortar. The differences in peak height appear to be those which could 
be caused by preferred orientation. Therefore, the 60$ alumina residue 
was ground for 75 minutes in the agate mortar. After this grinding 
treatment the sample still seemed coarser than the others had after 
fifteen minutes of grinding. A diffraction trace of this material 
gave peak heights which appeared to be only slightly different from 
the other mullite residues. 
b. Preparation of standard cristobalite for X-ray diffraction 
analysis Standard cristobalite was prepared by calcining reagent 
grade silicic acid at l600° C. for four hours in a fireclay crucible 
in a gas fired periodic kiln. The furnace temperature was measured 
with an optical pyrometer and the kiln was manually controlled. This 
produced a sintered lump of cristobalite which slipped easily from 
the crucible. The outer |r" which had been in contact with the crucible 
was rejected to prevent contamination from the crucible. The diffraction 
trace was that of pure cristobalite. A second calcination of part 
of the sample produced no apparent change in the diffraction intensities 
indicating that crystallization was complete» 
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e. Preparation of gtaadard quarts for 5-ray diffraction analysis 
A small piece of single-crystal quartz from a radio oscillator t?as crushed 
in a Pl&ttnsr mortar to pass a 200 zsssh sieve. Metallic iron from the 
mortar was removed with a hand magnet. 
d. Preparation of standard ^ .ass for £°ray diffraction analysis 
Soda lime glass "bottles were crushed to pass an 100 mesh sieve with a 
Plattner sorter. Metallic iron was removed with a hand magnet» 
3. Preparation of standard graphs for quantitative analysis of crystal­
line phaeea 
a. Mullite standard graphs The standard mollîtes from each 
of the compositions were quantitatively compared with 20$ calcium 
fluoride as an Internal standard. After grinding in the agate mortar 
the samples were prepared "by packing "by hand in a l/8" thick flat 
aluminum sample holder after the method of MeCreary (31, pp. 290-305)» 
These were X-rayed with a number of different diffractometer settings 
to obtain the maximum intensity possible consistent with adequate 
resolution, A setting of 1° source slit, medium resolution Sollar 
slits and 0.2° receiving slit was adopted. The time constant of the 
rate sister was set at three eeeoads $ which was one-half the time 
required to traverse the width of the receiving slit when the diffracto­
meter was operated at 2° per minute (36» pp. 309-310). 
The mullite peak intensities were quite low. When twenty percent 
calcium fluoride was added the second intensity internal standard peak 
was approximately equal to that of the principal moll its peak. Counting 
ten forty-second integrated peak intensities and subtracting the 
log 
average of ten forty-second "background counts on either side of the 
peaks resulted in peaks of about 8,000 counts and "backgrounds of about 
5,000 counts. The peak area to background ratio was only 1.6:1. 
According to Elug and Alexander (36, graph p. 273) the probable error 
for 10,000 total counts is about 2i$ as the result of statistical 
counting error alone. This did not appear to be satisfactory precision. 
Changing the position of the sample holder and repacking a new 
sample caused considerable variation in peak intensities. The samples 
were very fine, so fine as to give noticeable broadening to some of 
the peaks. Therefore, this variation was attributed to variation in 
the preparation of the sample using the hand packing methods. 
Eosauer and Handy of the Engineering Experiment Station Soils 
Research Laboratory, Iowa State University, had just altered the 
General Electric integrating flat sample spinner to obtain an easily 
used spinner in which the powder sample was pressed mechanically into 
the hole in a brass washer. The washer was placed in the sample spinner 
and turned at 6 B.P.M. This method of sample preparation was more 
reproducible and gave the averaging effect of a rotating sample. The 
rotating sample was used thereafter. 
Because of the variation in firing temperature the writer expected 
to have some line broadening which would require integrated peak 
intensities rather than peak heights. Therefore, a series of 35/" 
standard mullite, 20$ calcium fluoride and 65$ soda lime glass was 
used to compare the standard mull it es. Each peak and background was 
counted ten times for *40 seconds. The background on each side of the 
log 
peak was averaged and subtracted from the appropriate peak. This 
resulted in a total count of about 17,000 counts for each peak. 
Comparing the integrated intensity above background for each mullite 
with that of the calcium fluoride disclosed that, within the limits 
of experimental error, no difference existed between the standard 
nullités excepting the 60$ alumina which had lower mullite peak 
intensities. 
A standard graph of mullite from the flint fireclay composition 
was then constructed using the same technique. The mullite was varied 
from 20 to 40/a. This first standard graph is shown in Figure 3^ . 
A second standard graph for mullite was prepared using barium 
fluoride as an internal standard. This graph was made using the ratio 
of peak heights rather than integrated peak intensities. The barium 
fluoride graph has the advantage that the peak height to background 
ratio is about six to one. This gives less than O.Qp probable counting 
error for 10,000 total counts. It has the disadvantage that fine 
particle size of the unknovm may cause line broadening and, therefore, 
produce results which are on the low side. The second graph is shown 
in Figure 35- This graph was used to determine the mullite content 
of the unknowns, excepting those of 60$ alumina content. 
A third standard graph for mullite from the 6ofs alumina composition 
was made using barium fluoride as the internal standard counting on 
the maximum peak intensity as has been just described. The grinding 
procedure for this was altered to include one hour of grinding of 
the sample before the addition of the internal standard. This was 
Figure 3^ . Standard graph for the determination of the mullite 
content of flint fireclay "based upon the ratio of the 
integrated peak intensity of the 3-38-3-40 51 mullite 
doublet to that of the 3-15 & calcium fluoride peak 
with 20$ calcium fluoride present 
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Figure 35- Standard graph for the determination of the mullite 
content of flint fireclay based upon the ratio of the 
intensity of the 3.38 & mullite peak to that of the 
3.5S & barium fluoride peak with 5^  barium fluoride 
present 
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done to prevent over grinding of the internal standard. Fifteen minutes 
additional grinding was used to distribute the internal standard in the 
mullite. This graph is shown in Figure 36. 
b. Cristobalite standard graphs Several attempts were made to 
obtain an internal standard using integrated intensities' which would not 
conflict with the principal cristobalite peak. One standard graph for 
cristobalite was prepared based upon 33% barium fluoride as an internal 
standard varying the cristobalite from 10% to 50% in 10% increments. 
This produced a curve instead of a straight line. The cause of the 
curve was found to be a K-beta diffraction peak from the principal 
barium fluoride peak which was partially coincident with the cristobalite 
peak. By adding two additional thicknesses of nickel foil this peak 
was suppressed. This reduced the intensity of the peak and caused the 
integrated intensity of ten counts to be so low that poor accuracy 
resulted - especially at the low percentages of cristobalite. A better 
alternative was to count at maximum peak height without using the foil. 
This produced a graph which was linear over the range of cristobalite 
of 0% to 50% as shown in Figure 37» 
Quenched specimens of each composition were prepared for each of 
the hot pressing test temperatures. These were ground with a Flattner 
mortar to pass an 100 asgh sieve and stirred repeatedly with a magnet 
to remove metallic iron. Representative samples of the unknown 
compositions were tested using the cristobalite standard curve for 
20° barium fluoride. All samples were found to contain less than 
20% cristobalite. Therefore, a new standard curve for peak intensities 
Figure 36. Standard, graph for the determination of the mullite 
content of Syj alumina based upon the ratio of the 
intensity of the J>. 38 & mullite peak to that of the 
3.58 & barium fluoride peak with 5% barium fluoride 
present 
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Figure 37- Standard graph for the determination of the cristobalite 
content based upon the ratio of the intensity of the 
4.0U S. cristobalite peak to the 3*58 & barium fluoride 
peak with 5$ barium fluoride present 
INTENSITY 
to 
m -
RATIO 
,N 
O 
—T-
ro 
01 
~T~ 
OJ 
o 
—r-
OJ 
01 
M 
H 
oa 
119 
using 5$ "bariun fluoride was prepared "by the same methods. This increased 
the intensity of the cristobalite and mullite peaks by reducing the 
absorption of the sample. All peak counts were more than 10,000 above 
background when counting times of 400 seconds were used. The peak to 
background ratio was at least eight to one. This corresponds to a 
probable counting error of less than 0.6$. 
c. Quartz standard graphs Qjiarta was present only in the Missouri 
plastic cubes pressed in the range of temperatures of 1150° C. to 1350° 
0. These samples contained about 25$ mullite. The principal mullite 
peak at 26.26° 26 was very close to the principal quartz peak at 26.90°— 
26. By reducing the receiving slit to 0.02° these peaks could be 
completely separated, but intensity was reduced to the point where 
counting time was excessively long. By using an 0.1° receiving slit 
the peaks were not completely separated at the base, but reasonable 
counting accuracy could be achieved with a 400 second counting time. 
The procedure which was adopted was to prepare a standard graph using 
5$ barium fluoride as an internal standard over the range of 0$ to 10$ 
quartz in the presence of 25$ mullite counting peak height intensities. 
The quartz standard graph is shown in Figure 38. 
4. Results of quantitative Xr-ray diffraction analyses 
Quenched samples of each of the unknowns were crushed with a Plattnsr 
mortar to pass an 100 mesh sieve. Metallic iron was removed by repeated 
stirring with a magnet. One gram samples of each unknovm were weighed 
to an accuracy of 0.0005 grams. The appropriate internal standard was 
added after weighing it to an accuracy of 0.0001 gram. The X-ray 
Figure 38. Standard graph for the determination of the quartz 
content of Missouri plastic fireclay samples containing 
approximately 25^  mullite "based upon the ratio of 
the intensity of the 3-3^  ° quartz peak to the 3-58 a 
"barium fluoride peak with 5$ barium fluoride present 
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intensities of the appropriate peaks and 'backgrounds were measured with 
the same diffTactometer settings and counting procedures as were used 
to make the standard graphs. The intensities were converted to weight 
percent of the unknown with the proper standard graph. The suia of the 
nullité cristobalite and quartz were subtracted from 100% to obtain the 
percent glass present. The results of these calculations are shown 
graphically in Figures 39 » , Hi, 42 and 43. 
5- X-ray fluorescence analysis of impurities in mullite 
Each of the hot pressed samples contained mullite which could have 
iron or titanium ions substituted for aluminum ions (27). In determining 
the glass composition by subtracting the composition of the crystalline 
phases from the total composition the impurities in the mullite must 
be known. The X-ray fluorescence technique was selected for this 
purpose because of its rapidity and accuracy as compared with wet 
chemical analysis methods. 
a. Isolation of mullite The mullite from each composition 
at each firing temperature was separated from the other phases by 
the hydrofluoric acid solution method. Because small two-gram samples 
were used the solution rate was expected to be similar to that shown 
in Figure 33* Samples used in the preparation of Figure 33 were 
subjected to quantitative diffraction analysis to determine if the 
mullite was completely separated from the other phases. After the 
steady state solution rate was reached for 10$ hydrofluoric acid at 
0° C. the separation was virtually complete. This reauired fifteen 
to thirty minutes. 
Figure 39- Mineralogical composition of Missouri plastic fireclay 
cubes as a function of hot press temperature 
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Figure 40. Mineralogical composition of Missouri flint fireclay 
cubes as a function of hot press temperature 
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Figure Hi. Mineralogical composition of 20$ alumina cubes as 
a function of hot press temperature 
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Figure 42. Mineralogical composition of Pioneer kaolin cubes 
as a function of hot press temperature 
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Figure ^ 3. Mineralogical composition of 60$ alumina cubes as 
a function of hot press temperature 
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To insure complete removal of the other phases a concentration 
of 4S$ hydrofluoric acid was used. A two gram sample of each unknown 
was crushed to pass an 100 mesh sieve with a Plattner mortar, digested 
with 4S$ hydrofluoric acid at 0° 0. for one-half hour, washed five 
times "by décantation with 5$ hydrochloric acid, transferred to a filter 
for additional washing with 51° hydrochloric acid, rinsed with distilled 
water and dried on the filter paper at 130° C. The sample was then 
transferred from the filter paper to one ounce bottles vrith a minimum 
of brushing. The dried mullite residues were ground fifteen minutes 
in the agate mortar. 
b. Preparation of chemically pure mullite for X-ray fluorescence 
standard graphs Chemically pure mullite was prepared by stoichiometric 
mixing of a methanol solution of reagent grade silicon tetrachloride 
with a methanol solution of reagent grade anhydrous aluminum chloride. 
This solution was then neutralized with aqueous ammonium hydroxide 
to a pH of seven to co-precipitate the aluminum hydroxide and silicon 
hydroxide gels. 
The mullite gels were dehydrated at 130° C. and ignited in a 
porcelain evaporating dish to 1000° 0. This produced a free flowing 
powder which proved amorphous when subjected to qualitative X-ray 
diffraction. The powder was pressed into 3/^ " diameter by 3/4" high 
pellets and fired to 1550° C. for four hours. Firing the gel as low 
as 1450° C. produced complete conversion to mullite. Firing at 1700° 
0. failed to produce any change in the quantitative X-ray diffraction 
patterns of the 1550° C. material. The outside surfaces of the pellets 
134 
were scraped off to remove any possible contamination in firing. The 
pellets were friable and were easily ground to a fine powder by ten 
minutes in an agate mortar, 
c. Preparation of standard graphs for X-ray fluorescence analysis 
of iron and titanium contents Additions of reagent grade ferric 
oxide and titanium dioxide to the pure nrullite were made to produce 
a range of each oxide from 0$ to 15$ in 3% increments at all concentrations 
of the other. This was necessary because the presence of one impurity 
oxide will change the absorption of the sample and will change the 
intensity of the fluorescent beam used to determine the other oxide. 
All samples were mixed by smearing them with a glass rod until they 
appeared homogeneous. 
According to Claisee (?l) the principal need for accurate quantitative 
fluorescence analysis without an internal standard is complete homogeneity 
of the sample and a matrix of constant absorption characteristics. 
Claisse recommends melting silicate rocks to achieve uniformity, but 
states that for systems of constant matrix composition fine grinding 
can be used. By using pure mullite as the matrix for the standard 
curve and by grinding to very fine particles in making the standard 
curve a homogeneous system of standard samples and unknowns is believed 
to have been obtained. The grinding time for the standard samples was 
determined by measuring the intensity of a typical sample over a range 
of grinding times. Intensity increased with grinding time for the 
first twenty minutes and remained constant thereafter. The standard 
graph samples were ground for 30 minutes. 
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A General Electric S. ?. G. spectrogoniometer arranged for the 
X-ray spectrographs technique was used. A Maehlett ASG^ JO T X-ray 
tube with tungsten target was operated at 50 kilovolts and 50 milliamperes. 
The samples were carefully packed by hand into a 3/4" x 3/4" x l/l6" 
well in bakelite sample holders. The top surface was smoothed with a 
glass microscope slide. Each sample was packed in the same manner in 
an attempt to achieve uniformity. 
A flat sodium chloride crystal was used as an analyzing crystal. 
Intensities of the iron K-alpha peak at 40.1S° 26 and the titanium 
E-alpha peak at 58.35° 29 were measured by counting with the scalar. 
The iron peak was counted for ten ten-second increments for each sample. 
The titanium peak was counted for ten 40-second increments for each 
sample. Ten ten-second counts were made on each side of each peak to 
measure background. The average of the two background counts was 
subtracted from the appropriate peak to obtain intensity above background. 
The results of these measurements for the standard mullite samples 
containing less than 6$ of each impurity are shown in Figures 44 and 
d. X-ray fluorescence analysis of iron and titania in the mullite 
unknowns The mullite unknowns for each composition and each firing 
temperature were uniform and friable as the result of the hydrofluoric 
acid treatment. These were ground fifteen minutes in the agate mortar 
and packed into a sample holder in the same manner as was used for the 
standard graph. 
Intensities were measured by the same counting techniques as were 
used when the standard graph was prepared. At the time the standard 
Figure 44. Standard graph for the determination of the ferric 
oxide content of mullite "based upon the intensity 
of the iron K-alpha peak 
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Figure 45. Standard graph for the determination of the titania 
content of mullite "based upon the intensity of the 
titania E-alpha peak 
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graph was prepared a sample of the same 100$ reagent grade ferric oxide 
and of 100$ reagent grade titanium dioxide used in making the standard 
graph was also counted. To correct for variations in X-ray generation 
and for variations in counter circuit response these same samples were 
counted periodically during the testing of the unknowns. These counts 
were used to adjust the measured values of the unknowns "by assuming a 
linear relationship "between the counting rate of the unknown and the 
ratio of the counting rate for the pure oxides at the time the unknowns 
were measured to the counting rate of the same pure oxide slide at 
the time the standard graph was prepared. The variation of the counting 
rates of the pure oxides during the testing of the unknowns is shown 
"by Figures 46 and 4-7. 
The results of analyzing the unknowns for iron and titanium oxides 
are shown in Figures 4S, 4g, 50, 51 and 52. These show that the mullite 
becomes purer as the firing temperature is increased. The 95r confidence 
intervals for the ferric oxide results are 4- 0.020 for most samples. 
The same limits for the titanium dioxide samples are 4- 0.30$. The 
lower accuracy of the titania measurements was caused by the lower 
intensity of the titania fluorescence. 
6. Composition of the liquid phase 
After determining the quantity of the crystalline phases present 
using the experimental values of the impurities in mullite and assuming 
the quartz and cristobalite are essentially pure silica, the total 
composition of the crystalline phases could be calculated. Subtracting 
the composition of the crystalline phases from that of the entire sample 
Figure 46. Variation in the counting rate of pure ferric oxide 
during the analysis of the ferric oxide content of 
mullite 
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Figure kj, Variation in the counting rate of titania during the 
analysis of the titania content of mullite 
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Figure US. Ferric oxide and titania content of mullite from 
Missouri plastic fireclay as a function of the hot 
press temperature 
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Figure 4g. Ferrie oxide and titania content of nullité from Missouri 
flint fireclay as a function of the hot press temperature 
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Figure 50- Ferrie oxide and titania content of nullité from 20$ 
alumina as a function of the hot press temperature 
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Figure 51« Ferric oxide and titania content of mullite from 
Pioneer kaolin as a function of the hot press 
temperature 
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gives the composition of the glassy phase. If no devitrification has 
occurred during quenching this is the composition of the liquid phase 
at the pressing temperature. Table l4 gives the results of the 
calculations of the analysis of the liquid phase at the best hot 
pressing temperature for each composition. In making these calculations 
quartz and cristobalite were assumed to he pure. The TiOg and FegO-^  
in the mullite were assumed to replace AlgCy only, not SiOg. 
Table l4. Compositions of the liquid phase estimated to "be present 
at the optimum hot pressing temperature, weight percent 
Hot Pressing 
Temperature 
Plastic 
Fireclay 
1350° c. 
Flint 
Fireclay 
14^0° C. 
20# 
Alumina 
1550° c. 
Kaolin 
1550° c. 
60# 
Aluminz 
1600° C 
SiOg 69.38 64.78 94.00 65.19 40.18 
a1203 20.20 25.93 0.00 29.65 48.26 
Fe2G3 2.24 2.02 0.61 0.18 1.59 
Ti02 1.49 1.24 1.03 2.19 2.87 
CaO 1.80 1.35 1.36 o.gs 1.69 
MgO 1.17 C
VJ" 
0.86 1.15 0.72 
EgO 1.39 0.85 0.28 0.23 0.31 
NagO 2.50 1.46 1.82 0.38 4.30 
Totals 100.17 100.03 99.96 99.95 99.92 
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0. Viscosity of the Liquid Phase 
Bach of the glasses shovm in Table l4 was compounded from pure 
materials. One gram batches were weighed to an accuracy of 0.0001 gram. 
The batches were mixed by grinding by hand in an agate mortar until a 
homogeneous pink powder was obtained. The batches were melted in 
platinum under oxidizing conditions with an induction furnace. The 
melting process was observed and the glasses were removed as soon 
as they appeared to be completely melted. Melting time was approximately 
fifteen minutes. 
The melting temperatures were high, varying from 1550° C. to 
1750° 0. The melting of the 60/£ alumina glass could not be completed 
because the temperature required was above the melting point of 
platinum. The other glasses were cordy and seedy because of the 
short fining time. Volatilization of the platinum precluded use of 
longer fining times. Attempts to melt the 60$ alumina and the kaolin 
glasses in graphite were unsuccessful because of excessive volatilization 
of SiO under the strong reducing conditions which resulted. 
Fining was completed by working the glass into a ball with a 
blast lamp and agitating the ball with fused silica supporting rods. 
After the glass was worked in this way for fifteen minutes a uniform 
mass resulted which could be drawn out into a fiber. 
Glass viscosities were measured by the fiber elongation method 
(72). A silicon carbide tube 2.9 cm. in outside diameter by 10 cm. 
in length with a six sun. "axial hole was heated with an induction 
furnace. A 0.50 to 0.70 mm. diameter fiber 23-5 cm. long was suspended 
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vertically through the hole in the silicon carbide. The temperature 
was increased until noticeable elongation occurred under the fibers 
Own weight. She elongation was measured to the nearest 0.001 mm. 
with a Gaertner telescope mounted on a micrometer slide. Time was 
measured with a stop watch to 0,01 seconds. The temperature was 
measured with an optical pyrometer sighted on a front surface mirror 
located to reflect the image of the length of the axial hole. Temperature 
distribution was excellent within the silicon carbide tube. 
The temperature was held as uniform as possible with the induction 
furnace by manually adjusting the power input. Some variation in 
temperature did occur during the measurement of elongation, usually 
10° C. to 20° C. 
As the temperature was slowly raised the fiber began to soften 
and elongate. After one reading was taken the temperature was again 
raised and another reading was taken. This procedure was continued 
until the fiber failed. Three of the fibers were found to increase 
in viscosity after the initial softening. This was caused by 
devitrification of the fibers. The fourth fiber, the glass from 20$ 
alumina, devitrified before any noticeable softening occurred. The 
devitrification prevented viscosity measurement at the deformation 
temperature for hot pressing. The results for Missouri plastic 
fireclay, Missouri flint fireclay and kaolin glasses are shown in 
Table 15. 
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Table 15- Viscosity of glasses 
Missouri plastic Missouri flint Kaolin glass 
• fireclay glass fireclay glass 
Viscosity, poises 8.13 % 10^  1.124 x 10® 6.64 x 10^  
Temperature 1100° G. 13OO0 C. 1365° C. 
The viscosity of the glass at the hot pressing temperature was 
estimated by assuming a linear relationship between the arc hyperbolic 
sine of viscosity and the reciprocal of absolute temperature. This 
estimate of viscosity is listed in Table 16. 
Table l6. Estimated viscosity and quantity of the liquid phase present 
at optimum hot pressing temperature 
Missouri plastic Missouri flint Kaolin glass 
fireclay glass fireclay glass 
Viscosity, poises 2.5 x 105 2.0 x 10^  2.2 x 10^  
Temperature 1350° C. 1450° 0. 1550° C. 
Glass 60$ 61# 62.5# 
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V. DISCUSSION GF S33ULÏS 
A. Composition 
During the writer's industrial experience in fireclay refractory 
research he had considered such refractories to "be predominately 
crystalline with enough liquid present "between about 1100° C. and 
1500° C. to give plastic properties to the system - similar to the 
plasticity of the clay-water system at room temperature if the water 
were extremely viscous. It seemed reasonable that the alkalies, 
alkaline earth and transition element impurities would be concentrated 
in local areas and that the system would deviate from equilibrium. 
This would result in a small amount of liquid ^at low temperatures 
which would gradually increase as the temperature is raised. Pétrographie 
examination of these refractories fired in the range of 1100° C. to 
1450° C. reveals little because most of the crystals are finer than 
can be resolved with the optical microscope. 
She equilibrium diagram in Figure 1 for the alumina-silica system 
indicates that there should be no liquid phase until about 15^ 5° C. 
is reached. At that temperature the eutectic melts and about 50$ 
liquid results for a refractory of U2% alumina content. This should 
lead to sudden softening with temperature if the liquid is fluid. 
The presences of the usual impurities lower the eutectic temperature 
without a great change in the percentage of liquid present. 
The results of this research confirm the latter view. The high 
percentage of liquid found in this investigation at temperatures far 
below the eutectic of pure alumina and silica indicates that the 
l6o 
imparities are well enough distributed to give a reasonable approach 
to equilibrium. The resistance to load of these refractories which 
sakes it possible for them to support their ovn weight in service at 
tesperaturea as high as I65O0 G. is caused by the high viscosity of 
the liquid phase. She high viscosity permits Sewtoniaa flow to progress 
ozaly at an extremely low rate. Whether a system containing 50^  te 
70$ liquid can have plastic properties, i.e., possess a yield point, 
has not been determined. If such a yield point exists it must be 
sBall in value. 
The accuracy of the composition and quantity of the liquid phase 
determinations is dependent upon the accuracy of each of the individual 
determinations involved. There are a number of assumptions inherent 
in the method which was used. It is impossible to estimate the standard 
deviation of the final composition results because of this. The 
assumptions that the crietobalite and quarts are pure seems reasonable» 
The assumption that ferrie oxide and titania substitute only for alumina 
in milite may not be entirely valid. The assumption that the mullite 
content of the samples fired to low temperatures eaa be estimated using 
standard carves based Oil Mullite from high temperature firing is subject 
to questioning. Certainly the low temperature miaeralogieel estimates 
are not as accurate as those of the high temperature samples. The 
assumption that no devitrification of the glass occurred during quenching 
is also subject to questioning. 
Based upon the final results of the composition study, glasses 
were made which are believed to be similar to those actually present 
lfîL 
in three of the compositions at optimum hot pressing temperatures. 
The estimated viscosity of these glasses and the estimated quantities 
of these glasses are remarkably close to each other for each of the 
three compositions. Using the Shuttleworth and Mackensie equation, 
c 
the pressure required to compress a glass with a viscosity of 10 
poises to 98% of true density in four seconds is J ,000 pounds per 
square inch. This is a reasonable estimate of the actual pressures 
required. In the light of the above facts the composition results 
appear to be reasonably valid estimates despite the many experimental 
factors and assumptions which were involved. 
A viscosity of about 10^  poises is near the lower limit of the 
working range of a glass. The presence of about 40$ crystalline 
material of small particle size raises the apparent viscosity of 
the total composition, but the pressure used to press or blow glass 
articles is lower than those needed for hot pressing alumina-silica 
refractories. This also appears to confirm the validity of the results. 
The general relationship of the viscosity of the glass present 
to the purity of the alumino-silicate is in agreement with the hot 
pressing properties of the alumino silicates. 
B. Hot Pressing Properties 
The successful hot pressing of alumina-silica refractories is 
no surprise in the light of previous work. The bulk densities are 
high enough to compare favorably with fusion cast refractories. The 
use of hot pressed refractories in slag applications appears to be 
the next logical step in the technology of industrial furnaces. 
162 
Whether or not hot pressing is an economical way to produce suitable 
refractories has not "been determined. The results do show that it is 
practical to repress incandescent "blanks in a hardened steel mold if 
the operation is performed rapidly enough. 
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VI. CONCLUSIONS 
The following conclusions have "been drawn as results of this 
investigation: 
1. Hot pressing can he used to reduce the porosity and increase 
the bulk density of alumina-silica refractories. 
2. The hot press operation can be conducted by repressing 
incandescent blanks in a cold hardened steel mold if the operation 
is performed rapidly enough to prevent overheating the mold. This 
does not result in an excessive thickness of chilled refractory at 
the surface. 
3= Reasonable estimates of the quantity of the crystalline 
phases in alumina-silica refractories can be obtained by quantitative 
X-ray diffraction techniques using an internal standard. 
4. Reasonable estimates of the composition and viscosity of 
the liquid phase in the alumina-silica system can be obtained from 
the total composition and estimates of the composition and quantity 
of the crystalline portion. 
5- X-ray fluorescence techniques can be used to determine the 
impurities in mullite without the use of an internal standard if 
matrix composition and uniformity is controlled. 
6. The presence of impurities in the form of the transition 
elements, alkalies and alkaline earths lowers the viscosity of the 
liquid phase at service temperatures. High alumina contents and high 
silica contents cause increases in the viscosity of the liquid phase. 
The minimum viscosity occurred in the impure refractory of about 35$ 
alumina content. 
l64 
7. The Shuttieworth and i-Iackenzie equation for hot pressing gives 
reasonable estimates of the pressures required for rapidly hot pressing 
alumina^ silica refractories. 
8. The impurities present in mullite in an impure aluminas-
silica system fired at low temperatures are greatly reduced "by firing 
at higher temperatures. 
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ix. APPEzmrc 
On April 19» 1961, this dissertation was completed. On Msg? 3s 
19619 the Iowa State diversity Library received ths February issue 
of the Transactions- -Of the -British Ceramic Society. In that issue 
Cooper et al. (73) present a new alumina- s il ica equilibrium diagram* 
In order for this dissertation to be more nearly complete the diagram 
is shown in Figure 53 after it vas r©plotted as weight percent instead 
of mole percent. 
This diagram departs from the three diagrams shown in lïgure 1. 
It shows mollite to be unstable below 1200° C. and also shows solid 
solution of mollite at lower alumina contents than the other diagrams. 
The writer suspects that none of the four phase diagrams is entirely 
correct. He believes that additional research on the alumina-silica 
equilibrium system is needed. 
Figure 53» Altmi&&-silica equilibrium diagram of Cooper et al. 
which shows milite as a coapouM of variable composition 
that melts eongruently 
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